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Abstract
Neutrino oscillations have been observed in experiments measuring solar, atmospheric, accelerator and re-
actor neutrinos. The phenomenon can be described by three mixing angles and three phases. The values of
two mixing angles θ12 and θ23 have been pinned down while the value of θ13 was poorly known. The Daya
Bay Reactor Antineutrino Experiment was designed to measure sin2 2θ13 with a sensitivity of 0.01 or better
by detecting antineutrinos from nuclear reactors with multiple identically designed detectors at different
baselines. Antineutrinos were identified by inverse beta decay ν¯e + p → e+ + n in 20 tons of Gadolinium-
doped liquid scintillator which served as both target and detector. A search for ν¯e deficits, a process which
would manifest a nonzero value of the θ13 mixing angle, was performed. Between December 2011 and Feb
2012, 55 days of data were collected. During this time, 80376 and 10416 electron antineutrino candidates
were detected with 1545 and 515 expected background events at the near sites and the far site respectively.
A rate-only analysis supports neutrino flavor oscillation with sin2 2θ13 = 0.0936 ± 0.0172 in a 2-neutrino
mixing framework.
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Chapter 1
Introduction
The idea of neutrino was first introduced by W. Pauli in 1930 to explain the missing energy in β−decay such
that energy conservation is not violated. E. Fermi published his famous theory of β−decay [37] including
the newly “invented” neutrino in 1934. The theory achieved a huge success as it agreed perfectly with
experiments. In the same year, Bethe and Peierls [27] concluded that neutrinos only interact with matter
extremely weakly based on Fermi’s theory. One has to wait for almost 30 years until Reines and Cowan [34]
obtained convincing evidence of neutrinos using a nuclear reactor. Soon thereafter, Goldhaber showed that
neutrinos participate in the weak interaction as left-handed particles only [41].
At the time when the neutrino hypothesis was proposed, only electron and proton were known to physi-
cists. At present we know that twelve fundamental fermions exist in nature: 6 quarks (u, d, c, s, t, b), 3
charged leptons (e, µ, τ) and 3 neutrinos (νe, νµ, ντ ) in the Standard Model (SM) [40, 73, 69] which describes
most of the existing experimental data beautifully. The first exception which indicates physics beyond the
SM comes from neutrino oscillation experiments. In the framework of the SM, neutrinos are postulated to be
massless. Early experiments studied neutrino mass with β−decay of tritium [53, 56] and concluded its mass
is very small if not zero, many order of magnitude smaller than masses of leptons. Discovery of neutrino
oscillations from many experiments shows that neutrinos are not only massive but also mix with each other.
The phenomenon of neutrino mixing [64], which is explained in Chapter 2, is similar to the quark mix-
ing [29, 50]. The neutrino mass eigenstates are connected to the flavor eigenstates by a unitary transformation
which can be parametrized by 3 mixing angles (θ12, θ23, θ13) and 3 phases [58]. A neutrino created with a
specific flavor can later be measured to have a different flavor. The probability of measuring a particular
flavor changes periodically as the neutrino propagates in space. Many neutrino oscillation experiments mea-
sured the probabilities of different oscillations and deduced the values of the mixing angles, together with the
mass-squared differences of the mass eigenstates. Two of the mixing angles (θ12 and θ23) are already known
to be very large. The third one, θ13, was unknown and only had an upper bound measured by CHOOZ [19].
Measurement of this last mixing angle θ13 is of utmost importance in order to make further progress in
understanding the phenomena of neutrino oscillation. The experiments which led to the determination of
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the mixing angles and the mass-squared differences are described in Chapter 3.
CP violation plays an important role in understanding the dominance of matter over antimatter in the
present Universe. Laboratory experiments with K and B mesons have revealed that there is indeed a
violation of CP invariance coming from a complex phase factor in the quark mixing matrix. However, this
observed CP violation would have led to a matter-antimatter asymmetry orders of magnitude smaller than
the one we see today. It is thus natural to ask whether there is CP violation in the lepton sector which
contributes to the cosmic matter-antimatter asymmetry. Neutrino oscillations could provide the answer.
However, the size of the CP violation in neutrino oscillations depends not only on the CP-violating phase in
the mixing matrix, but also on the three mixing angles in this matrix. Determination of the last unknown
mixing angle θ13 will provide direction to future experiments to observe CP violation in the lepton sector.
It will also help guide the effort to determine whether the neutrino mass spectrum is normal (m3 > m2) or
inverted (m2 > m3) and will help to discriminate among theoretical models beyond the SM.
Chapter 4 starts by discussing the significance of measuring θ13. The inverse beta decay interaction,
which is the reaction used to detect reactor antineutrinos, is introduced. The methodology of extracting the
value of θ13 with a rate measurement is then described which is the main theme of this thesis.
The Daya Bay Reactor Antineutrino Experiment is designed to measure the neutrino mixing angle θ13.
The experimental details are described in Chapter 5. The essential idea is to sample the neutrinos coming
from six nuclear reactors at three locations. Three experimental halls were built underground to provide
adequate shielding from cosmic rays. Two sets of near detectors are situated close to the reactors such that
the antineutrino flux can be constrained. Another set of far detectors sample the antineutrinos after they
propagate ∼ 2 km to look for ν¯e → ν¯e disappearance.
Antineutrinos are identified via the inverse beta decay ν¯e+p→ e+ +n while cosmic ray muons are tagged
by the Cherenkov radiation they produced in the water shields. All these signals produce light which are
observed by photomultiplier tubes (PMT) installed in the detector systems. Understanding of the behavior
of the PMTs is thus crucial in identifying antineutrinos. 1625 oil-proof and 625 water-proof PMTs were
procured from Hamamatsu Photonics. Chapter 6 describes the preparation work and tests we did for all the
PMTs and summarizes the results.
Electronics of the detectors record only ADC and TDC values of triggers. Energy and time are used
instead to select physics events. Conversions between ADC and energy, TDC and time are required. Chap-
ter 7 presents how these conversions from ADC to energy, and TDC to time are performed using different
calibration sources. Higher order effects from energy non-uniformity and non-linearity of the detectors are
also corrected.
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Chapter 8 describes what signals and backgrounds we expected to observe from reactor antineutrinos. A
set of event selection criteria and methods of residual background estimation based on the characteristics of
signals and backgrounds are presented.
A rate-only analysis is carried out in Chapter 9. The expected numbers of antineutrinos at each detector
are first calculated from reactor power, distances from the reactors to the detectors and antineutrino detection
efficiency. For each detector, a ratio of detected ν¯e to expected ν¯e is used as input to a χ
2 function for a
relative rate measurement. The final result of θ13 from the minimization of the χ
2 function is then presented.
This thesis ends in Chapter 10 with a summary of this θ13 measurement and an outlook for CP violation
in the lepton sector.
3
Chapter 2
Theory of Neutrino Oscillation
Neutrino oscillation is a quantum mechanical phenomenon proposed in the 1950s by Pontecorvo [64] in
analogy with K0 − K¯0 oscillations. The oscillations between different neutrino flavors are generated by the
interference of different neutrino mass eigenstates. At that time only one active neutrino was known. The
original idea of neutrino oscillation was between neutrino and antineutrino. In 1962, Maki, Nakagawa, and
Sakata [58] extended the idea to include the mixing of different neutrino flavors after the muon neutrino
was discovered. The existence of non-zero mass differences between different mass eigenstates is a necessary
condition for the oscillations to occur.
Neutrinos flavor eigenstate να with α = e, µ, τ are produced in charged-current (CC) weak interaction
processes from a charged lepton l−α or together with a charged antilepton l
+
α . The corresponding Lagrangian
for these processes is:
L(CC)I,L =
g
2
√
2
(
jρW,LWρ + j
ρ†
W,LW
†
ρ
)
, (2.1)
where jρW,L is the left-handed leptonic charged current
jρW,L = 2
∑
α=e,µ,τ
ν¯αLγ
ρlαL. (2.2)
The flavor state can be expressed as a linear combination of mass eigenstates
|να〉 =
∑
k
U∗αk|νk〉, (2.3)
where U is a unitary transformation. The number of massive neutrinos is not limited. However, it is known
that the number of active flavor neutrinos is 3 from the decay width of the Z boson. k must be equal to or
greater than 3. If there are more than 3 massive neutrinos, the additional neutrinos in the flavor basis are
sterile which means they do not participate in weak interactions. Substituting Eq. 2.3 into Eq. 2.2, one can
obtain
jρW,L = 2
∑
α=e,µ,τ
∑
k
U∗αkν¯kLγ
ρlαL. (2.4)
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This leptonic charged current generates a superposition of massive neutrinos.
2.1 Neutrino Oscillation Probability
To understand neutrino oscillation in vacuum, consider a neutrino born from a source as |να〉 in Eq. 2.3 and
see how it evolves in time. The massive neutrino states |νk〉 are eigenstates of the Hamiltonian
H|νk〉 = Ek|νk〉, (2.5)
with energy eigenvalues
Ek =
√
p2 +m2k. (2.6)
From Schro¨dinger’s equation, the neutrino mass eigenstates evolve in time t as:
|νk(t)〉 = e−iEkt|νk〉. (2.7)
From Eqn 2.3, the neutrino created with a definite flavor α after the time evolution now can be described
by
|να(t)〉 =
∑
k=1
U∗αke
−iEkt|νk〉. (2.8)
In a real neutrino oscillation experiment, only the flavor eigenstates are measured. Since the transformation
in Eq. 2.3 is unitary, we may invert it to find |νk〉 =
∑
β Uβk|νβ〉 and substitute back to Eq. 2.8 to obtain
|να(t)〉 =
∑
β=e,µ,τ
[∑
k=1
U∗αke
−iEktUβk
]
|νβ〉. (2.9)
It is clear that the neutrino which was created as a pure flavor state now becomes a superposition of all
flavor states at time t > 0. If the mixing matrix U is not diagonal, neutrinos are mixed. The amplitude of
να → νβ transition as a function of time is given by
Aνα→νβ (t) ≡ 〈vβ |να(t)〉 =
∑
k
U∗αkUβke
−iEkt. (2.10)
The transition probability is then given by
Pνα→νβ (t) = |Aνα→νβ (t)|2 =
∑
k,j
U∗αkUβkUαjU
∗
βje
−i(Ek−Ej)t. (2.11)
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It is expected that neutrinos are ultra-relativistic such that Eq. 2.6 can be approximated by
Ek ' E + m
2
k
2E
, (2.12)
where E = |~p| is the neutrino energy (mass contribution neglected). The difference of energy between two
massive neutrinos can be expressed as:
Ek − Ej '
∆m2kj
2E
, (2.13)
where ∆m2kj is defined to be the mass-squared difference
∆m2kj ≡ m2k −m2j . (2.14)
The propagation time t is not measured in neutrino oscillation experiments but the distance L between
the source and the detector is known. By approximating t ∼ L, together with Eqn 2.13, the transition
probability in Eqn 2.11 for να → νβ becomes:
Pνα→νβ (L,E) = |Aνα→νβ (t)|2 =
∑
k,j
U∗αkUβkUαjU
∗
βje
−i∆m
2
kjL
2E . (2.15)
This expression shows that the transition probability depends on the phases of neutrino oscillations
Φkj = −
∆m2kjL
2E
, (2.16)
which can be controlled by experiments, and the elements of the mixing matrix U which specify the amplitude
of the oscillations. Neutrino oscillation experiments can thus measure the mass-squared differences ∆m2kj
and the elements of the mixing matrix U , but not the absolute values of neutrino masses.
The oscillation probabilities in Eq. 2.15 for channels with α ≤ β are usually called transition probabilities.
For channels with α = β, they are called survival probabilities because they measure how likely a neutrino
να remains to be the same flavor. In the case of survival probabilities, Eq. 2.15 can be simplified to:
Pνα→να(L,E) = 1− 4
∑
k>j
|Uαk|2|Uαj |2 sin2
(
∆m2kjL
4E
)
. (2.17)
2.1.1 Antineutrino Case
Antineutrinos ν¯α with flavor α = e, µ, τ are similarly produced in the charged-current weak interaction
processes from a charged antilepton l+α or together with a charged lepton l
−
α . The corresponding leptonic
6
charged current is
jρ†W,L = 2
∑
α=e,µ,τ
l¯αLγ
ρναL = 2
∑
α=e,µ,τ
∑
k
Uαk l¯αLγ
ρνkL, (2.18)
where the flavor antineutrinos |ν¯α〉 are described by the corresponding superposition of mass eigenstates |ν¯k〉.
Since the kinematic properties of massive antineutrinos are identical to those of neutrinos, the transition
probabilities can be obtained through the same procedures presented above. The probability is:
Pν¯α→ν¯β (L,E) =
∑
k,j
UαkU
∗
βkU
∗
αjU
∗
βje
−i∆m
2
kjL
2E . (2.19)
In terms of survival probabilities, by comparing Eq. 2.15 and Eq. 2.19, it is easy to see that
Pνα→να = Pν¯α→ν¯α , (2.20)
as one expected from CPT symmetry.
2.2 Two-neutrino Mixing
It is much easier to understand neutrino oscillation by considering only two massive neutrinos out of three.
In fact, many neutrino oscillation experiments can be well described within the framework of two-neutrino
mixing. Consider two flavor neutrinos να and νβ which can be pure flavor state (α, β = e, µ or e, τ , or µ, τ)
or linear combinations of pure flavor states. A 2× 2 unitary mixing matrix can be parameterized as:
U =
 cos θ sin θ
− sin θ cos θ
 , (2.21)
where θ is the mixing angle. In general there can be three phases appearing in the mixing matrix but
they can be transformed in a way that there is no effects on oscillation probabilities. In the case of two-
neutrino mixing, there is only one mass-squared difference ∆m2 ≡ ∆m221. From Eq. 2.15, one can derive the
expression for the probability of να → νβ transitions:
Pνα→νβ (L,E) = sin
2 2θ sin2
(
∆m2L
4E
)
(α 6= β), (2.22)
Pνα→να(L,E) = 1− Pνα→νβ (L,E) = 1− sin2 2θ sin2
(
∆m2L
4E
)
(α = β). (2.23)
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2.3 Types of Neutrino Oscillation Experiments
Neutrino oscillation experiments are usually classified into:
Appearance experiments search for transitions between different neutrino flavors. If the neutrino flavor
to be detected is absent or negligible in the initial neutrino beam, then the experiment can be sensitive
to rather small values of the mixing angle.
Disappearance experiments measure the survival probability of a neutrino flavor by counting the number
of interactions in the detector and then comparing it with the expected one without oscillation.
Fig. 2.1 shows the behavior of the transition probability (dashed line) in Eq. 2.22 for sin2 2θ = 1 as a
function of ∆m2[eV2]L/E[km/GeV]. If one defines the oscillation length
 km/GeV]2L/E [eV2 m∆
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Figure 2.1: Probability of να → νβ transitions for sin2 2θ = 1 as a function of 〈L/E〉 [km/GeV] ∆m2 [eV2].
Blue: transition probability averaged over a Gaussian L/E distribution with σL/E = 0.2〈L/E〉. Dashed
black: transition probability in Eq. 2.22 with L/E = 〈L/E〉.
Losc =
4piE
∆m2
, (2.24)
the transition probability is very small for L Losc and oscillates very rapidly for L Losc. The oscillation
probability averaged over a Gaussian L/E distribution is also shown in Fig. 2.1. In practice, only the average
oscillation probability can be measured since both the neutrino source and the detection processes have some
spatial uncertainty and energy spreads in any experiments. One can see that, for L Losc, only the average
transition probability is measurable and provides information only on sin2 2θ.
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Different experiments can be designed by choosing appropriate values of L/E such that they are sensitive
to different values of ∆m2. The sensitivity to ∆m2 can be defined as:
∆m2L
2E
∼ 1. (2.25)
Traditionally experiments are classified depending on the average value of L/E which determines the sen-
sitivity to ∆m2. Table 2.1 provides a short summary on the types of neutrino oscillation experiments with
their corresponding sensitivities.
Table 2.1: Types of neutrino oscillation experiments with their typical source-detector distance, energy, and
sensitivity to ∆m2.
Type of experiment L E ∆m2 sensitivity
Short Baseline Reactor ∼ 10 m ∼ 1 MeV ∼ 0.1 eV2
Long Baseline Reactor ∼ 1 km ∼ 1 MeV ∼ 10−3 eV2
Long Baseline Accelerator ∼ 103 km & 1 GeV & 10−3 eV2
Atmospheric 20− 104 km 0.5− 102 GeV ∼ 10−4 eV2
Solar 1011 km 0.2− 15 MeV ∼ 10−12 eV2
2.4 Large ∆m2 Dominance
In this section, we consider the case in which one scale of mass-squared differences is much larger than the
others assuming there are N massive neutrinos. One can divide the N massive neutrinos into two groups
A and B, with each group containing NA and NB massive neutrinos respectively. All the mass-squared
differences between two neutrinos belonging to the same group is much smaller than the ones belonging
to different groups. In other words, if we assign ν1, . . . , νNA ∈ A and νNA+1, . . . , νN ∈ B, then there is a
dominance of the largest ∆m2N1 if
|∆m2N1|  |∆m2kj | for k, j ≤ NA or k, j > NA. (2.26)
Consider an experiment which is sensitive to oscillations generated by the dominant mass-squared differ-
ence ∆m2N1 which means
|∆m2N1|
2
〈
L
E
〉
∼ pi, (2.27)
and
|∆m2kj |
2
〈
L
E
〉
 pi for k, j ≤ NA or k, j > NA. (2.28)
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One can then rewrite the transition probability in Eqn 2.11 to separate the contributions of k ≤ NA from
k > NA,
P effνα→νβ (L,E) =
∣∣∣∣∣∣
∑
k≤NA
U∗αkUβk exp
(
−i∆m
2
k1L
2E
)
+
∑
k>NA
U∗αkUβk exp
(
−i∆m
2
k1L
2E
)∣∣∣∣∣∣
2
. (2.29)
Using Eqns. 2.27 and 2.28, the phases of the first group can be neglected and the phases of the second group
can be approximated with ∆m2N1L/2E such that
P effνα→νβ (L,E) =
∣∣∣∣∣∣
∑
k≤NA
U∗αkUβk + exp
(
−i∆m
2
N1L
2E
) ∑
k>NA
U∗αkUβk
∣∣∣∣∣∣
2
. (2.30)
With the unitary property of U , the probability can be evaluated
P effνα→νβ (L,E) = δαβ − 4
δαβ∑˜
k
|U∗αk|2 −
∣∣∣∣∣∑˜
k
U∗αkUβk
∣∣∣∣∣
2
 sin2(∆m2N1L
4E
)
, (2.31)
where the symbol
∑˜
k indicates a sum over the index k that can be performed either over the range 1, . . . , NA
or over the range NA+1, . . . , N :
∑˜
k
U∗αkUβk =
∑
k≤NA
U∗αkUβk or
∑˜
k
U∗αkUβk =
∑
k>NA
U∗αkUβk. (2.32)
In the case of να → νβ transitions, in which α 6= β, the oscillation probabilities become
P effνα→νβ (L,E) = 4
∣∣∣∣∣∑˜
k
U∗αkUβk
∣∣∣∣∣
2
sin2
(
∆m2N1L
4E
)
(α 6= β). (2.33)
If we compare Eq. 2.33 with Eq. 2.22, it is clear that the expression we just obtained corresponds to an
effective two-neutrino-like transition probability,
P effνα→νβ (L,E) = sin
2 2θeffαβ sin
2
(
∆m2N1L
4E
)
(α 6= β), (2.34)
with effective mass-squared difference ∆m2N1 and effective mixing angle θ
eff
αβ given by
sin2 2θeffαβ = 4
∣∣∣∣∣∑˜
k
U∗αkUβk
∣∣∣∣∣
2
. (2.35)
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The survival probability for transition να → να can be obtained from Eq. 2.33 as well:
P effνα→να(L,E) = 1− 4
(∑˜
k
|Uαk|2
)(
1−
∑˜
k
|Uαk|2
)
sin2
(
∆m2N1L
4E
)
. (2.36)
In similar fashion, by comparing with Eq. 2.23, the survival probability also corresponds to an effective
two-neutrino-like survival probability
P effνα→να(L,E) = 1− sin2 2θeffαα sin2
(
∆m2N1L
4E
)
, (2.37)
with
sin2 2θeffαα = 4
(∑˜
k
|Uαk|2
)(
1−
∑˜
k
|Uαk|2
)
. (2.38)
For neutrino oscillation experiments in which the conditions in Eqns 2.27 and 2.28 are satisfied, the
effective oscillation probability, which only depends on two parameters, is very useful.
2.5 Three-neutrino Mixing
For three neutrino flavors, the mixing matrix, usually called the Maki-Nakagawa-Sakata-Pontecorvo [58, 65]
mixing matrix, is defined to transform the mass eigenstates (ν1, ν2, ν3) to the flavor eigenstates (νe, νµ, ντ )

νe
νµ
ντ
 = UMNSP

ν1
ν2
ν3
 (2.39)
and can be parameterized [28, 66, 35] as
UMNSP =

1 0 0
0 C23 S23
0 −S23 C23


C13 0 Sˆ
∗
13
0 1 0
−Sˆ13 0 C13


C12 S12 0
−S12 C12 0
0 0 1


eiφ1
eiφ2
1

=

C12C13 C13S12 Sˆ
∗
13
−S12C23 − C12Sˆ13S23 C12C23 − S12Sˆ13S23 C13S23
S12S23 − C12Sˆ13C23 −C12S23 − S12Sˆ13C23 C13C23


eiφ1
eiφ2
1
 (2.40)
where Cjk = cos θjk, Sjk = sin θjk, Sˆ13 = e
iδCP sin θ13. Neutrino oscillations of three flavors are completely
described by six parameters: three mixing angles θ12, θ13, θ23, two independent mass-squared differences,
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∆m221 ≡ m22 − m21, ∆m232 ≡ m23 − m22, and one CP -violating phase δCP (note that ∆m231 ≡ m23 − m21 =
∆m232 + ∆m
2
21). The neutrino oscillation phenomenology is independent of the Majorana phases φ1 and φ2.
One can understand why the Majorana phases do not have a role from the oscillation probability in Eq. 2.15.
The quartic products U∗αkUβkUαjU
∗
βj are invariant under the phase transformation
Uαk → eiψαUαkeiφk , (2.41)
where ψα and φk are some arbitrary phases. This implies that the Majorana phases which appear in a
diagonal matrix at the right of the mixing matrix cannot be measured in neutrino oscillation experiments.
2.5.1 Hierarchy of ∆m2’s
In the case of three-neutrino mixing, there are three mass-squared differences
∆m221 ≡ m22 −m21, ∆m231 ≡ m23 −m21, ∆m232 ≡ m23 −m22, (2.42)
but only two of them are independent since
∆m232 + ∆m
2
21 −∆m231 = 0. (2.43)
Previous solar and atmospheric experiments observed two mass-squared differences
∆m2SOL  ∆m2ATM. (2.44)
These two very different mass-squared differences can be accommodated in two types of three-neutrino
mixing schemes shown in Fig. 2.2. The scheme that ν1 is lightest is called normal hierarchy while the scheme
that ν3 is lightest is called inverted hierarchy. Traditionally, we label the massive neutrinos to have
∆m2SOL = ∆m
2
21, ∆m
2
ATM = |∆m231|, (2.45)
with
∆m221  ∆m231 ' ∆m232. (2.46)
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Figure 2.2: The two three-neutrino mixing schemes allowed by the observed mass hierarchy ∆m2SOL 
∆m2ATM.
For disappearance experiments which satisfy
|∆m231|
2
〈
L
E
〉
∼ pi, (2.47)
the discussion in Section 2.4 applies such that we have two groups of massive neutrinos A = {ν1, ν2} and
B = {ν3}. The survival probability, from Eq. 2.37, becomes
P effνα→να(L,E) = 1− sin2 2θeffαα sin2
(
∆m231L
4E
)
, (2.48)
with
sin2 2θeffαα = 4|Uα3|2
(
1− |Uα3|2
)
. (2.49)
In the case of Daya Bay, which observes electron antineutrino disappearance, one can obtain the effective
survival probability by substituting α = e and |Ue3| = sin θ13,
P effν¯e→ν¯e(L,E) = P
eff
νe→νe(L,E) = 1− sin2 2θ13 sin2
(
∆m231L
4E
)
. (2.50)
Thus, it is sufficient to measure sin2 2θ13 using the effective two-neutrino mixing survival probability in Daya
Bay.
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2.6 CP Violation
The CP transformation interchanges neutrinos with negative helicity and antineutrinos with positive helicity
and transforms να → νβ channel into ν¯α → ν¯β . The mixing matrix is complex and leads to possible CP
violations. Neutrino oscillation experiments can study such violations by measuring the CP asymmetry
ACPαβ = Pνα→νβ − Pν¯α→ν¯β . (2.51)
From Eq. 2.15 and Eq. 2.19, it can be derived that
ACPαβ = 4
∑
k>j
=[U∗αkUβkUαjU∗βj ] sin
(
∆m2kjL
2E
)
. (2.52)
Using the parameterization in Eq. 2.40, the CP asymmetry can be simplified as
ACPαβ = −16Jαβ sin ∆12 sin ∆23 sin ∆31, (2.53)
where
Jαβ ≡ =[U∗αkUβkUαjU∗βj ] = sαβ;kjJ, (2.54)
J ≡ C12S12C23S23C213S13 sin δCP, (2.55)
∆kj ≡
∆m2kjL
4E
, (2.56)
and the coefficients sαβ,kj = ±1 are antisymmetric in the indices α, β and in the indices k, j:
sαβ;kj = −sβα;kj = sβα;jk. (2.57)
It is evident that the mass-squared differences, the mixing angles and the CP-violating phase δCP have
to be non-zero in order to be able to observe CP violation with neutrinos and antineutrinos. Two of the
mixing angles θ12 and θ23 are known to be large. Thus, the value of θ13 determines whether one can observe
CP violation or not.
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Chapter 3
Review of Neutrino Oscillations
Experiments
As discussed in Section 2.5, neutrino oscillations can be fully described by 6 parameters: two mass splittings,
∆m212, ∆m
2
23, and 3 angles θ12, θ23, θ13, and one CP-violating phase δCP. Knowledge of these parameters
is obtained from solar, atmospheric, reactor neutrinos and also neutrinos produced at accelerators. In this
chapter, the experimental measurements of the parameters describing neutrino oscillations will be reviewed.
3.1 Past Experiments
3.1.1 θ12 and ∆m
2
12
Knowledge of the oscillation parameters θ12 and ∆m
2
12 comes from solar and reactor neutrinos via obser-
vations of νe → νe and ν¯e → ν¯e respectively. Solar neutrinos (electron neutrino), produced in the Sun as
a product of nuclear fusion (mainly proton-proton chain reaction), have energy ranging from a few KeV
to several MeV and have been detected on Earth by radio-chemical experiments such as Homestake [32],
GALLEX [17, 18, 45] and SAGE [1]. These experiments observed a deficit in νe based on predictions from
solar models [24, 23, 25]. The SNO experiment [9, 10, 11] confirms that the deficits were due to neutrino
oscillations by employing 1 kt of D2O to measure:
φCC : νe + d→ p+ p+ e−
φNC : νx + d→ p+ n+ νx, x = e, µ, τ (3.1)
φES : νx + e
− → νx + e−,
separately where φCC, φNC, and φES stand for charge current, neutral current and elastic scattering rates
respectively, and νx is νe, νµ, or ντ . SNO has been able to confirm that the total neutrino flux was consistent
with the solar model prediction while the deficit was due to νe transformed to other two flavors.
Interpretations of the deficits fell into four categories, shown in Fig. 3.1: vacuum oscillations (“VAC”)
with ∆m212 ' 10−10 eV2, low mass-squared difference “LOW” with ∆m212 ' 10−7 eV2, small mixing angle
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(“SMA”) with ∆m212 ' 10−5 eV2, tan2 θ12 ' 10−3, and large mixing angle (“LMA”) with ∆m212 ' 10−4 eV2,
tan2 θ12 ' 0.4. The SMA and VAC regions require a distorted 8B neutrino spectrum from the Sun. The
Figure 3.1: Allowed regions of the MSW plane determined by a χ2 fit to SNO day and night energy spectra.
The star indicates the best fit point. Reprinted from [11].
lower part of the LMA and the upper part of the LOW solution predict a zenith angle variation.
The Super-Kamiokande experiment used a 39-m diameter and 42-m tall stainless stell tank filled with
50,000 tons of ultra pure water and 13,000 PMTs to precisely measure the energy and zenith angle dependence
of the solar 8B neutrino flux in the Kamioka-mine, Gifu, Japan. The data [39] did not show a significant
distortion of the spectrum nor zenith angle variation and thus placed very strong constraints on the neutrino
oscillation solutions. Assuming oscillations into active neutrinos, only the LMA solution was preferred.
The KamLAND experiment, located near Toyama, Japan, was built to detect electron antineutrinos from
the surrounding 53 commercial nuclear reactors using inverse beta decay as the main reaction. The detector
consists of a 13-m diameter nylon balloon filled with liquid scinillator and an 18-m diameter stainless steel
spherical vessel mounted with 1900 large-area PMTs. The experiment observed a clear spectral distortion
in the antineutrino energy as shown in Fig. 3.2. Only the LMA solution remains while other regions are
disfavored by more than 4σ. Thus, KamLAND validated the LMA interpretation of the solar neutrino
flux. Fig. 3.3 shows the allowed contours in the neutrino oscillation parameter space. Fig. 3.4 shows the
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Figure 3.2: Prompt event energy spectrum of ν¯e measured by KamLAND, reprinted from [3].
Figure 3.3: Allowed region for neutrino oscillation parameters from KamLAND and other solar neutrino
experiments. The side-panels show the ∆χ2-profiles for KamLAND (dashed) and solar experiments (dotted)
individually, as well as the combination of the two (solid), reprinted from [3].
ratio of the background-subtracted ν¯e to no-oscillation expectation as a function of L0/E, where L0 is the
effective baseline and E is the energy of the antineutrinos. The periodic feature expected from neutrino
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oscillation is clearly demonstrated and is consistent with the LMA solution. Incorporating the results of
Figure 3.4: Ratio of the background and geo-neutrino-subtracted ν¯e spectrum to the expectation for no-
oscillation as a function of L0/E, reprinted from [3].
SNO and solar experiments in a two-neutrino analysis with KamLAND assuming CPT invariance gives
∆m221 = 7.59
+0.21
−0.21 × 10−5 eV2 and tan2 θ12 = 0.47+0.06−0.05. Solar experiments were able to determine the sign
of ∆m221 because the survival probability of solar electron neutrinos depend explicitly on the sign of the
squared mass difference due to the MSW effect [62]. Other experiments with neutrino oscillations in vacuum
can only measure the absolute value of the squared mass difference.
3.1.2 θ23 and |∆m223|
Knowledge of these parameters came from atmospheric and accelerator neutrinos. Atmospheric neutrinos
are produced from decays of mesons (pions and kaons mostly) produced by cosmic ray particles in the
Earth’s atmosphere. The main production mechanism is pi+ → µ+ + νµ, µ+ → e+ + νe + ν¯µ and the charge-
conjugates. From these reactions one can see that the ratio of the total number of electron neutrinos and
antineutrinos to the total number of muon neutrinos and antineutrinos (νe + ν¯e)/(νµ + ν¯µ) ' 1/2 from the
atmosphere. While there is a large uncertainty in measuring the absolute rates of the atmospheric neutrino
production, the relative rates of νe and νµ can be predicted with much less uncertainty. It is expected that
there should be an up/down asymmetry with respect to the horizon. The atmospheric neutrinos coming
from the sky travel much less distances than those going through the Earth and thus have different oscillation
probabilities.
Super-Kamiokande observed more than 15,000 atmospheric neutrino events with energy ranging from
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about 100 MeV to 10 TeV. The muon neutrino events showed a clear zenith angle and energy dependent
deficit of events while the electron neutrino events agreed with the prediction assuming no oscillation, as
shown in Fig. 3.5. The data was analyzed under the assumption of effective 2-flavor neutrino oscillation,
Figure 3.5: Zenith rates of atmospheric neutrinos observed by SK. The left most panels show the electron
neutrino rates as a function of energy; central panels show the contained and partially-contained muon
neutrino event rates, and the right most panels show the upward stopping and upward through-going muon
rates. In each case, the data is shown by points, the expectations without oscillations are shown by boxes,
and the best-fit oscillated rates are shown by a single line. Reprinted from [22].
νµ 
 ντ , which is considered to be dominant for atmospheric neutrinos ( |∆m
2
31|
2 〈LE 〉 ∼ pi). The probability
that a neutrino of energy Eν produced in a weak flavor eigenstate να will be observed in eigenstate νβ after
traveling a distance L through the vacuum is:
P (να → νβ) = sin2 2θ sin2
(
1.27∆m2(eV2)L(km)
Eν(GeV)
)
. (3.2)
νµ and ντ have the same interactions with matter, thus there are no matter effects. One can only determine
the absolute value of ∆m2 in atmospheric neutrino experiments. It is also easy to see from Eq. 3.2. Only
the mixing angle and the absolute value of ∆m2 can be measured. There was no surplus of upward-
going electron neutrinos observed in the mutli-GeV data sample. Thus the oscillations νµ 
 νe channels
cannot explain the data. The other possibility that the muon neutrinos oscillate into sterile neutrinos
was also disfavored by the observed absence of matter effects for neutrino oscillations through the Earth
since sterile neutrinos do not interact with matter but νµ do. The data constrained sin
2 θ23 > 0.92 and
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1.5× 10−3 < |∆m223| < 3.4× 10−3 eV2 at 90% confidence level [22].
The K2K experiment [14, 75, 13], which is also sensitive to the range of ∆m2 probed by atmospheric
neutrino experiments, confirmed the atmospheric neutrino results obtained by Super-Kamiokande by using
a pure beam of νµ + ν¯µ of mean energy 1.3 GeV produced at the KEK accelerator and directed at the SK
detector at a distance of 250 km away from the source. The experiment observed a disappearance of νµ’s.
In a two flavor oscillation scenario, the allowed ∆2m region at sin
2 2θ = 1 is between 1.9 and 3.5× 10−3 eV2
at the 90% C.L. Fig. 3.6 shows the final results from K2K comparing with the SK measurements. The fact
Figure 3.6: Comparison of K2K results with the SK atmospheric neutrino measurement [21]. Dotted, solid,
dashed and dash-dotted lines represent 68%, 90%, 99% C.L. allowed regions of K2K and 90% C.L. allowed
region from SK atmo- spheric neutrino, respectively. Reprinted from [13].
that the K2K observation of neutrino oscillations with the same values of the mixing parameters as those
found in atmospheric neutrino experiments shows the disappearance of atmospheric muon neutrinos is due
to neutrino oscillation and eliminates other mechanisms. Atmospheric neutrino experiments and K2K have
proved that neutrinos are massive and there is a squared-mass difference of the order 2− 3× 10−3 eV2. The
mixing relevant for the observed oscillations is maximal or close to maximal.
Recent results from MINOS data [8] from a beam exposure of 7.25 × 1020 POT further improved the
measurements of the atmospheric mass splitting and the mixing angle. A fit to neutrino oscillations data
yields |∆2m| = 2.32+0.12−0.08 × 10−3 eV2 and the mixing angle sin2(2θ) > 0.90 at 90% C.L. Fig. 3.7 shows the
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resulting 68% and 90% C.L. contours of the best fit values.
Figure 3.7: Likelihood contours of 68% and 90% C.L. around the best fit values for the mass splitting and
mixing angle. Also shown are contours from previous measurements [21, 22]. Reprinted from [8].
3.1.3 θ13
Previously, the most sensitive search for θ13 has been made by the CHOOZ experiment [19] in France
which looked for ν¯e disappearance from the CHOOZ nuclear power reactors with a total thermal power
of 8.5 GWth at the ∆m
2
23 scale. The detector had an active mass of 5 ton composed of Gd-doped liquid
scintillator and was situated ∼ 100 m underground. The distance from the two reactor cores to the detector
is roughly 1 km. Also relying on inverse beta decay, antineutrinos from the reactors were identified through
the delayed coincidence between the prompt positron signal and the delayed neutron capture signal. CHOOZ
managed to measure the background before the two reactors started operation. With ∼ 1 year of data taking,
they found the ratio of measured to expected antineutrino events
R = 1.01± 0.028± 0.027. (3.3)
The comparison of the measured to the expected positron spectrum is also in agreement with the one
expected in the case of no oscillations, as shown in Fig. 3.8. Since no disappearance of νe was observed,
CHOOZ obtained the exclusion curves for the oscillation parameters with three different analyses of the
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data, as shown Fig. 3.9. These exclusion curves imply that, at 90% C.L.,
sin2 2θ . 0.1 for ∆m2 & 2× 10−3 eV2, (3.4)
∆m2 < 7× 10−4 eV2 for sin2 2θ = 1. (3.5)
Super-Kamiokande performed a three-flavor oscillation analysis assuming one mass dominance (∆m212
= 0) with their combined data set and found that the region of sin2 θ13 < 0.14 and 0.37 < sin
2 θ23 < 0.65
is allowed at 90% C.L. [48], as shown in Fig. 3.10, assuming normal mass hierarchy. The upper limit is
consistent with the CHOOZ experiment.
Figure 3.8: The comparison of the expected
positron spectrum and the observed spectrum in
the CHOOZ experiment. Top is the rate distri-
bution and bottom shows the ratio. Reprinted
from [19].
Figure 3.9: Exclusion plot contours at 90% C.L.
obtained by the three analyses. Analysis A uses
both shape and normalization of the background-
subtracted positron spectrum; analysis B uses
the baseline difference between the two reac-
tors; analysis C uses the spectrum shape. The
Kamiokande νµ ↔ νe allowed region to atmo-
spheric neutrino oscillations is also shown for
comparison. Reprinted from [19].
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Figure 3.10: Allowed regions are shown in ∆m2 vs sin2 θ13. Normal mass hierarchy is assumed. The shaded
area shows the region excluded by the CHOOZ reactor neutrino experiment. Reprinted from [48].
3.2 Current Reactor Antineutrino Experiments
Looking for CP-violation in the lepton sector is the ultimate goal for all the neutrino oscillations experiments.
As one can see from the neutrino oscillations probability, the amount of CP-violation would be proportional
to sin θ13. Measuring θ13 is therefore the main focus of the current neutrino oscillations experiments at
reactors and accelerators.
Currently there are three reactor antineutrino experiments around the world whose aims are to measure
the last mixing angle θ13 precisely. These include Double Chooz [20] in France, RENO [12] in Korea, and Daya
Bay [42] in China. All three experiments employ similar detector design: a central target region filled with
Gadolinium-doped liquid scintillator, surrounded by a non-doped liquid scintillator region. Antineutrinos
will be detected through the inverse beta decay reaction by identifying a coincidence between the prompt
positron signal and the delayed neutron signal. The detectors are shielded by different types of muon vetoes
to reject cosmic ray induced background. In addition, all three experiments make use of a combination of
near and far detectors to reduce the reactor-related uncertainty.
3.2.1 Double Chooz
Double Chooz is the successor to the CHOOZ experiment which measured the upper limit of θ13. Fig. 3.11
shows the Double Chooz detector system. The central target region contains 10 m3 liquid scintillator, a
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mixture of n-dodecane, PXE, PPO, bis-MSB and 1-g gadolinium/l as a beta-diketonate complex. The
target volume is surrounded by the γ-catcher, a 55-mm thick non-Gd-doped liquid scintillator layer, which
is used to detector γ-rays escaping the target volume. Another 105-mm thick layer of miner oil is used to
shield the detector from radioactivity of the PMTs and of the surrounding rock. 390 Hamamatsu 10-inch
PMTs are installed in the outermost stainless steel tank to detector the scintillation light.
Figure 3.11: A cross-sectional view of the Dou-
ble Chooz detector system. A neutrino target of
10 m3 Gd-doped liquid scintillator is surrounded
by a 55 mm thick non-Gd-doped liquid scintilla-
tor and another 105 mm thick miner oil. There
are 390 10-inch PMTs mounted on the outermost
stainless steel tank.
Figure 3.12: A schematic view of the RENO de-
tector. A neutrino target of 18.7 m3 Linear Alkyl
Benzene (LAB) based liquid scintillator doped
with Gd is contained in a transparent acrylic ves-
sel, and surrounded by 33.2 m3 unloaded liquid
scintillator of gamma catcher and 76.5 m3 non-
scintillating buffer. There are 354 and 67 10-inch
PMTs mounted on buffer and veto vessel walls,
respectively.
Double Chooz uses the Chooz Nuclear Power Station as their antineutrino source. The facility has two
4.27 GWth reactors separated by 140 m. The experiment will be using two identical detectors, a near one
at an distance of about 400 m, and a far one 1050 m away from the reactors. At the time of writing, Double
Chooz is running with the far detector only. A total of 4121 events were observed in 101 days of running where
4344±165 were expected for no-oscillation [5]. The deficit leads to sin2 2θ13 = 0.086±0.041(stat)±0.030(syst),
based on an analysis using rate and energy spectrum information. The no-oscillation hypothesis is ruled out
at the 94.6% C.L. Double Chooz will continue the experiment with the near detector in the short future and
will further reduce the uncertainties.
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3.2.2 RENO
The RENO experiment uses antineutrinos emitted from the Yonggwang nuclear power plant (6 cores) in
Korea with world’s second largest thermal power output of 16.4 GW. The experimental setup consists of
two identical 16-ton Gadolinium-doped liquid scintillator detectors located roughly 290 m and 1.4 km from
the center of the reactor array. The schematic of the detectors is shown in Fig. 3.12. Based on three years
of data, it would reach a sensitivity of 0.02 for sin2 2θ13. RENO has started taking data with both the near
and the far detectors since August, 2011.
3.2.3 Daya Bay
More details about the Daya Bay experiment will be given in the next chapter. A comparison of the current
reactor experiments is given in Table 3.1 with the available thermal power for each experiment, the distance
of near and far detectors from the reactors, shielding of detectors, detector target mass, expected sensitivities,
and current schedule.
Experiment Thermal Distance to Shielding of Target Sensitivity of
Power [GWth] Near/Far [m] Near/Far [m.w.e] mass [ton] sin
2 2θ13 [90% C.L.]
Double Chooz 8.4 390/1050 115/300 8/8 0.03
RENO 16.4 290/1380 120/450 16/16 0.02
Daya Bay 17.4 360(500) 260/910 2 x 2 x 20 (near) 0.01
1985(1615) 4 x 20 (far)
Table 3.1: A comparison of the current three reactor antineutrino experiments measuring the mixing angle
θ13.
3.3 Current Accelerator Experiments
Accelerator neutrino experiments estimate θ13 by measuring νe appearance probability in a nearly pure νµ
beam,
P (νµ → νe) ' sin2 θ23 sin2 2θ13 sin2
(
∆m232L
4Eν
)
, (3.6)
with other terms that depend on the CP-violation parameter, δ, and the sign of the mass difference ∆m232.
Therefore, the information obtained from accelerator is complementary to reactor antineutrino experiments
which do not depend on these quantities.
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3.3.1 T2K
T2K [70] is the first long baseline neutrino oscillation experiment to look for νe appearance from νµ, thereby
measuring θ13, using Super-Kamiokande as the far detector to detect the off-axis νµ beam from J-PARC
which is 295 km away. The experiment also employs a near detector complex at 280 m from the accelerator
to sample the beam just after production. The νµ is directed at an angle 2.5
◦ with respect to the far
detector so that the νµ beam generated has a peak energy at about 0.6 GeV, which maximizes the effect
of the neutrino oscillation at the far detector. νe and νµ strike nuclei in H2O and may produce e
− and µ−
via weak charged-current interactions respectively. Passage of these leptons through the detector produces
Cherenkov light observed by phototubes.
The oscillation analysis [2] is based on comparing the number of νe candidate events with predictions,
with varying sin2 2θ13 for each δCP value. After including systematic uncertainties, the expectation is
1.5 ± 0.3(5.5 ± 1.0) events for sin2 2θ13 = 0(0.1). A total of 6 νe candidate events were observed. The
probability to observe 6 or more events in this case is 0.007, a p-value that corresponds to a significance
of 2.5 σ. This is the strongest indication from accelerator experiments to date that θ13 differs from zero,
and significantly more data is expected from the experiment in the future. One of the main backgrounds
is pi0’s produced from weak neutral-current interaction. They decay via pi0 → γγ, in which the photons
shower like electrons, producing similar Cherenkov rings. Thus, a reconstruction of 2 rings was forced along
with a cut on the two-ring invariant mass Minv < 105 MeV/c
2 to suppress misidentified pi0. Fig. 3.13 shows
the distribution of the invariant mass used in the selection of νe candidates in SK with comparison to the
expected signals.
3.3.2 MINOS
Main Injector Neutrino Oscillation Search (MINOS) [15] is an experiment at Fermilab in search for the
transformation of muon neutrinos into electron neutrinos using a beam of muon neutrinos produced by the
Neutrinos at the Main Injector (NuMI) facility. The muon neutrino beam travels 735 kilometers through
the earth from the NuMI at Fermilab to a 5,000 ton neutrino detector, located half a mile underground
in the Soudan Underground Laboratory in northern Minnesota. The experiment uses two almost identical
detectors: the detector at Fermilab is used to check the purity of the muon neutrino beam, and the detector
at Soudan looks for electron and muon neutrinos.
MINOS is sensitive to θ13 also through νµ → νe oscillation. Constraint on θ13 is set by searching for an
excess of νe events at the far detector. Similar to T2K, matter effects and possible leptonic CP-violation
can modify the oscillation probability significantly, the results from MINOS depend on δCP and the neutrino
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Figure 3.13: The invariant mass distribution for a forced two-ring hypothesis used in T2K is shown. The
observed numbers of events are compared to expected background and signal if sin2 2θ13 = 0.1.
mass hierarchy. MINOS recorded a total of 62 electron neutrino-like events [7]. If muon neutrinos do not
transform into electron neutrinos, then MINOS should have seen only 49 events and sin2 2θ13 is zero. The
experiment should have seen 71 events if neutrinos transform as often as suggested by recent results from
T2K. The range allowed by the latest MINOS measurement overlaps with but is narrower than the T2K
range. MINOS constrains this quantity to a range between 0 and 0.12, improving on results it obtained with
smaller data sets in 2009 and 2010. The T2K range for sin2 2θ13 is between 0.03 and 0.28. Fig. 3.14 shows
the reconstructed neutrino energy distribution for the 62 selected events, compared to the distributions for
background only and for the best fit. The p-value for the θ13 = 0 hypothesis is 0.11, and therefore θ13 = 0
is included in the MINOS 90% C.L. interval. Fig 3.15 shows a combined analysis of all θ13 measurements
from CHOOZ, T2K, and MINOS, as a function of the CP-violation phase. The significance for a non-zero
θ13 is more than 3σ [38].
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Figure 3.14: Reconstructed energy spectra for νe
charged-current candidate events in the Far De-
tector. The black points indicate the data with
statistical error bars shown. The histogram in-
dicates the expected background (unfilled area)
together with the contribution of νµ → νe
signal (hatched area) for the best-fit value of
sin2(2θ13) = 0.041. Reprinted from [7].
Figure 3.15: The 68% and 90% C.L. regions for
sin2 2θ13 for each value of δCP, consistent with
the observed number of events in the three-flavor
oscillation case for normal (top) and inverted
(bottom) mass hierarchy. The best fit values are
shown with solid lines. Reprinted from [2].
3.4 Summary of what is known and unknown about neutrino
oscillations
A lot of experimental progress has been made in the studies of neutrino oscillations. The oscillation pa-
rameters are determined from the existing neutrino oscillation data, including the latest results from T2K
and MINOS, with relatively good precision. The best fit values and the 99.73% CL allowed ranges of
28
∆m221, sin
2 θ12, |∆m231(32)|, sin2 θ23, and sin2 θ13 are summarized as follows [38]:
(∆m221)BF = 7.58× 10−5 eV2,
6.99× 10−5 eV2 ≤ ∆m221 ≤ 8.18× 10−5 eV2, (3.7)
(|∆m231|)BF = 2.35× 10−3 eV2,
2.06× 10−3 eV2 ≤ |∆m231| ≤ 2.67× 10−3 eV2, (3.8)
(sin2 θ12)BF = 0.306, 0.259 ≤ sin2 θ12 ≤ 0.359, (3.9)
(sin2 θ23)BF = 0.42, 0.34 ≤ sin2 θ23 ≤ 0.64, (3.10)
(sin2 θ13)BF = 0.021, 0.001 ≤ sin2 θ13 ≤ 0.044, (3.11)
CP-violation phase δCP, the two extra CP-violation phases for Majorana neutrinos, and the sign of ∆m
2
31(32)
are currently unknown.
Further understanding of the pattern of neutrino masses and neutrino mixing, of their origins and of the
status of CP symmetry in the lepton sector requires more extensive research. The main goals of the future
programs include:
• Determining whether neutrinos are Dirac or Majorana type of particle.
• Determining the sign of ∆m232.
• Determining the absolute scale of the neutrino masses.
• Improving the current measurement of θ13.
• Determining the CP-violation phase in the lepton sector.
• Measuring ∆m221, θ12, |∆m231|, and θ23 with high precision.
• Understanding of the neutrino mixing at a fundamental level. For instance, is there any relation
between quark mixing and neutrino mixing?
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Chapter 4
Seeking the Last Neutrino Mixing
Angle θ13
4.1 Rationale and Significance for the study
The goal of the Daya Bay reactor antineutrino experiment is to determine the unknown neutrino mixing
angle θ13 with a sensitivity of 0.01 or better in sin
22θ13, an order of magnitude better than the current limit.
This chapter describes the rationale and significance of this study and provides an overview of neutrino
oscillation phenomenology and the scientific requirements of the experiment.
4.1.1 Significance of the Mixing Angle θ13
As one of the six neutrino mass parameters measurable in neutrino oscillations, θ13 is important in its own
right and for further studies of neutrino oscillations. θ13 is crucial in building theoretical model of the neutrino
mass matrix, which can serve as a guide to the theoretical understanding of physics beyond the standard
model. In addition, We need to know the value of θ13 to sufficient precision to design experiments to measure
the CP-violating phase δCP. The matter effect, which can be used to determine the mass hierarchy, also
depends on the size of θ13. If θ13 > 0.01, then the design of future experiments searching for CP violation
is relatively straightforward [16]. However, for smaller θ13 new experimental techniques and accelerator
technologies are likely required to carry out the measurements. Based on these many considerations it is
highly desirable to significantly improve our knowledge of θ13 in the near future.
4.1.2 Requirements for a Precision Measurement of θ13 with Reactors
In order to meet goal of probing sin2 2θ13 with a sensitivity of 0.01, it is important to reduce the statistical
and systematic uncertainties as well as to suppress backgrounds.
• High Statistics The statistical uncertainty of this measurement is dominated by the total number of
antineutrino events detected with the far detector that depends on the thermal power of the nuclear
power plant, the target mass, and the amount of running time.
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• Optimization of baselines In the generic design with two detectors, the near detector should be
positioned as close to the reactor as possible so that the flux and the energy spectrum of the antineu-
trinos are not significantly affected by oscillations. The far detector should be placed near the first
oscillation maximum, between 1.5 km and 2 km, so as to maximize the disappearance probability (this
also minimizes the dependence on ∆m231 as discussed in Section 4.3.3).
• Reduction of systematic uncertainties The two major sources of systematic uncertainties arise
from variation of thermal power of the reactors and from slight variations in the performance and
characteristics of the near and far detectors. A significant fraction of the reactor-related systematic
uncertainty can be removed by adopting a near-far ratio measurement as discussed in Section 4.4. In
addition, since the value of sin2 2θ13 will be extracted by comparing the detected events in the near
and far detectors, which is a relative measurement, the detector-related systematic uncertainty such
as detector efficiency is greatly reduced. Furthermore, by ensuring the detectors are built to the same
specifications, along with a comprehensive program of monitoring and calibration, it is expected that
the total detector-related systematic uncertainty can be kept low.
• Background suppression Since the signal rate is low, it is desirable to conduct the experiment under-
ground to reduce cosmic-ray induced backgrounds including fast neutrons and the radioactive isotopes.
Gamma rays originating from natural radioactivity in construction materials and the surrounding rock
in accidentals coincidence with a neutron capture can mimic the signal. The CHOOZ experiment [19]
had an overburden of ∼300 m.w.e. (meter water equivalent) and achieved a background-to-signal ratio
of approximately 0.09. The new generation of reactor-based θ13 experiments should have additional
overburden and shielding enclosing the detectors to further suppress backgrounds.
This thesis focuses on the determination of the value of sin2 2θ13, based on the measurements of antineutrinos
from the Daya Bay nuclear reactors and various backgrounds at the near and far sites.
4.2 Determining θ13 with Nuclear Reactors
Reactor-based antineutrino experiments have the potential of uniquely determining θ13 at low cost and in a
timely fashion. In this section we summarize the important features of nuclear reactors which are crucial to
reactor-based antineutrino experiments.
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4.2.1 Energy Spectrum and Flux of Reactor Antineutrinos
Many reactor antineutrino experiments to date have been carried out at pressurized water reactors (PWRs).
Such a nuclear power plant derives its power from the fission of uranium and plutonium isotopes (mostly 235U
and 239Pu) in the reactor core. Many fission products undergo beta decays because they are neutron-rich.
Each fission on average releases approximately 200 MeV of energy and six antineutrinos. A typical reactor
with 3 GW of thermal power (3 GWth) emits 6× 1020 antineutrinos per second with antineutrino energies
up to ∼ 8 MeV. The majority of the antineutrinos have very low energies; about 75% are below 1.8 MeV,
which is the threshold of the inverse beta-decay reaction (IBD) that will be discussed in Section 4.3.1.
The antineutrino flux and energy spectrum of a PWR depend on several factors: the total thermal power
of the reactor, the fraction of each fissile isotopes in the fuel, the fission rate of each fissile isotope, and
the energy spectrum of antineutrinos of the individual fissile isotopes. The antineutrino yield is directly
proportional to the thermal power that is determined by measuring the temperature, pressure and the flow
rate of the cooling water. The reactor thermal power is measured continuously by the power plant with a
typical precision of about 1%.
Fissile materials in a reactor are continuously consumed while new fissile isotopes are produced from
other fissionable isotopes in the fuel (mainly 238U) by fast neutrons. Since the antineutrino energy spectra
are slightly different for the four main isotopes, 235U, 238U, 239Pu, and 241Pu, the knowledge on the fission
composition and its evolution over time are therefore critical to the determination of the absolute antineutrino
flux and energy spectrum. From the average thermal power and the effective energy released per fission [59],
the average number of fissions per second of each isotope can be calculated as a function of time. Figure 4.1
shows the results of a computer simulation of the Palo Verde reactor cores [61].
It is common for a nuclear power plant to replace some of the fuel rods in the core periodically as the
fuel is used up. Typically, a core will have 1/3 of its fuel changed every 18 months. At the beginning of
each refueling cycle, 69% of the fissions are from 235U, 21% from 239Pu, 7% from 238U, and 3% from 241Pu.
During operation the fissile isotopes 239Pu and 241Pu are produced continuously from 238U. Toward the end
of the fuel cycle, the fission rates from 235U and 239Pu are about equal. The average (“standard”) fuel
composition is 58% of 235U, 30% of 239Pu, 7% of 238U, and 5% 241Pu [52].
In general, the composite antineutrino energy spectrum is a function of the time-dependent contributions
of the various fissile isotopes to the fission process. The Bugey 3 experiment compared three different models
of the antineutrino spectrum with its measurement [6]. Good agreement was observed with the model that
made use of the ν¯e spectra derived from the β spectra [67] measured at the Institute Laue-Langevin (ILL).
However, there is no data for 238U; only the theoretical prediction is used. The possible discrepancy between
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Figure 4.1: Fission rate of reactor isotopes as a function of time from a Monte Carlo simulation [61]. 239Pu
and 241Pu were from ”old” fuel rods.
the predicted and the real spectra should not lead to significant errors since the contribution from 238U is
not expected to be higher than 8%. The overall normalization uncertainty of the ILL measured spectra is
1.9%. A global shape uncertainty is also introduced by the conversion procedure [44] which converts the
experimental beta spectrum of fission products into the antineutrino spectrum. Given a sample of 241Pu,
for example, it is exposed to a constant flux of thermal neutrons. The cumulated beta spectrum is then
measured and approximated by a set of parameters assuming certain hypothetical beta-branches. These
branches are added together to produce the final antineutrino spectrum.
A widely used three-parameter parameterization of the antineutrino spectrum for the four main isotopes,
as shown in Fig. 4.2, can be found in [72]. 238U produces the highest number of antineutrinos per fission,
whereas 239Pu generates the least. In addition, the spectra associated with 235U and 241Pu are almost
identical.
4.3 Detection of Reactor Antineutrinos
Reines and Cowan’s historical experiment [34] using the Savannah River nuclear reactor as a neutrino source
confirmed the existence of a free neutrino from beta decay. The experiment made use of the inverse beta
decay
ν + p→ n+ e+, (4.1)
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Figure 4.2: Antineutrino energy spectrum for four isotopes following the parameterization of Vogel and
Engel [72].
in which an antineutrino from the reactor interacts with a target proton to produce a neutron and a positron.
Though the inverse beta decay has the highest cross-section among all neutrinos interactions, approximately
equal to 10−43cm2, it is very unlikely to occur. In order to detect a free neutrino, the following requirements
must be fulfilled:
• a very intense neutrino source;
• a very large detector which provides a large number of targets;
• a detection system designed to discriminate strongly against backgrounds because of the low event
rate.
A natural option is to use a nuclear reactor, which emits about 6 antineutrinos per fission, as the source.
Using liquid scintillator, a proton-rich organic compound which can fluoresce upon the passage of an ionizing
particle, as both a target and a detector, an antineutrino will give out measurable signals when it interacts
inside the detector.
It is almost impossible to detect a free neutrino directly because of its lack of ionizing power and the small
interaction rate. The idea of detecting an antineutrino is via inverse beta decay, in which requires a prompt
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signal from the positron annihilation and a delayed signal from the neutron capture in coincidence. One
can then infer the energy spectrum of the primary antineutrino from the prompt positron energy spectrum.
Fig. 4.3 is a schematic diagram showing how the occurrence of the inverse beta decay is detected. The energy
Figure 4.3: Schematic of antineutrino detector. An antineutrino interacts with a proton to give out a
neutron and positron via inverse beta decay. The positron would annihilate with a surrounding electron
producing two gamma rays. The neutron would be thermalized and eventually be captured by Hydrogen
or Gadolinium, followed by gamma ray emission. All the gamma rays would excite the liquid scintillator to
produce fluorescence light which are then detected by the PMTs.
spectrum of the incident antineutrino can then be obtained from the energy spectrum of the positron, using
Eν = 0.78 MeV + Eβ , (4.2)
where the inverse beta decay has a threshold energy of 1.8 MeV. The sequence of the physical processes in
the diagram is as follow.
1. An antineutrino from the reactor interacts with a proton provided by the liquid scintillator and pro-
duces a positron with kinetic energy from zero to about 10 MeV, and a neutron with negligible kinetic
energy.
2. The positron is attracted by the surrounding negatively charged particles and is slowed down. Through
diffusing in the liquid scintillator, the kinetic energy is transferred, producing scintillation light. Ul-
timately the positron annihilates with an orbital electron to give out two 0.511 MeV gamma. These
processes take about 10−10 second and produce a prompt signal for the inverse beta decay.
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3. The neutron is also slowed down by scattering with surrounding particles until it is captured by
either hydrogen or doped chemicals, Gadolinium in this case. Then gamma rays will be emitted with
characteristic energies and act as a delayed signal since these processes take about 10−5 second.
4.3.1 Inverse Beta-Decay Reaction
The reaction employed to detect the ν¯e from a reactor is the inverse beta-decay ν¯e+p→ e+ +n, as discussed
in Section 4.3. The total cross section of this reaction, neglecting terms of order Eν/M , where Eν is the
energy of the antineutrino and M is the nucleon mass, is
σ
(0)
tot = σ0(f
2 + 3g2)(E(0)e p
(0)
e /1MeV
2) (4.3)
where E
(0)
e = Eν − (Mn−Mp) is the positron energy when neutron recoil energy is neglected, and p(0)e is the
positron momentum. The weak coupling constants are f = 1 and g = 1.26, and σ0 is related to the Fermi
coupling constant GF , the Cabibbo angle θC , and an energy-independent inner radiative correction. The
inverse beta-decay process has a threshold energy in the laboratory frame Eν = [(mn +me)
2 −m2p]/2mp =
1.806 MeV. The leading-order expression for the total cross section is
σ
(0)
tot = 0.0952× 10−42cm2(E(0)e p(0)e /1MeV2) (4.4)
Vogel and Beacom [71] have recently extended the calculation of the total cross section and angular distri-
bution to order 1/M for the inverse beta-decay reaction. Figure 4.4 shows the comparison of the total cross
sections obtained in the leading order and the next-to-leading order calculations. Noticeable differences are
present for high antineutrino energies. The calculated cross section can be related to the neutron lifetime,
whose uncertainty is about 0.2%.
The expected recoil neutron energy spectrum, weighted by the antineutrino energy spectrum and the
inverse beta decay cross section, is shown in Fig. 4.5. Due to the low antineutrino energy relative to the
mass of the nucleon, the recoil neutron has low kinetic energy. While the positron angular distribution
is slightly backward peaked in the laboratory frame, the angular distribution of the neutrons is strongly
forward peaked, as shown in Fig. 4.6.
4.3.2 Observed Antineutrino Rate and Spectrum at Short Distance
The observed positron energy spectrum in a liquid scintillator (LS) detector, which is rich in hydrogen, is a
product of the reactor antineutrino spectrum and the cross section of inverse beta-decay. Figure 4.7 shows
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Figure 4.4: Total cross section for inverse beta-decay calculated in leading order and next-to-leading order.
Figure 4.5: Recoil neutron energy spectrum from
inverse beta-decay weighted by the antineutrino
energy spectrum.
Figure 4.6: Angular distributions of positrons
and recoil neutrons from inverse beta-decay in
the laboratory frame.
the differential antineutrino energy spectrum, the total cross section of the inverse beta-decay reaction, and
the expected count rate as a function of the antineutrino energy. The differential energy distribution is the
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Figure 4.7: Antineutrino energy spectrum (red dotted curve), total inverse beta-decay cross section (blue
dotted-dash curve), and count rate (black solid curve) as a function of antineutrino energy.
sum of the antineutrino spectra of all the radio-isotopes in the fuel. It is thus sensitive to the variation of
thermal power and composition of the nuclear fuel. By integrating over the energy of the antineutrino, the
number of events can be determined.
A small amount of Gd can be dissolved in the LS. After a moderation time of about 10 µs, the neutron
can be captured by a Gd nucleus,1 emitting several γ-ray photons with a total energy of about 8 MeV.
This signal is called the delayed energy, Ed. The temporal correlation between the prompt energy (the
positron signal) and the delayed energy constitutes a powerful tool for identifying the ν¯e and for suppressing
backgrounds.
4.3.3 Reactor Antineutrino Disappearance Experiments
In a reactor-based antineutrino experiment the measured quantity is the survival probability for ν¯e → ν¯e at
a baseline of the order of hundreds of meters to about a couple hundred kilometers with the ν¯e energy from
about 1.8 MeV to 8 MeV. The matter effect is negligible and the vacuum formula for the survival probability
1The cross sections of neutron capture are 0.3 b and 50,000 b on proton and Gd respectively.
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is thus valid. In the notation of Eq. 2.40, this probability has a simple expression
Psur = 1− C413 sin2 2θ12 sin2 ∆21 − C212 sin2 2θ13 sin2 ∆31 − S212 sin2 2θ13 sin2 ∆32, (4.5)
(4.6)
where
∆jk ≡ 1.267∆m2jk(eV2)× 103
L(km)
E(MeV)
, (4.7)
∆m2jk ≡ m2j −m2k,
L is the baseline in km, E the antineutrino energy in MeV, and mj the j-th antineutrino mass in eV. The
ν¯e → ν¯e survival probability is given by Eq. 4.6 which is independent of the CP phase angle δCP and the
mixing angle θ23.
To obtain the value of θ13, the depletion of ν¯e has to be extracted from the experimental ν¯e disappearance
probability,
Pdis ≡ 1− Psur
= C413 sin
2 2θ12 sin
2 ∆21 + C
2
12 sin
2 2θ13 sin
2 ∆31 + S
2
12 sin
2 2θ13 sin
2 ∆32 (4.8)
Since θ13 is known to be less than 10
◦, we define the term that is insensitive to θ13 as
P12 = C
4
13 sin
2 2θ12 sin
2 ∆21 ≈ sin2 2θ12 sin2 ∆21 (4.9)
Then the part of the disappearance probability directly related to θ13 is given by
P13 ≡ Pdis − P12
= C212 sin
2 2θ13 sin
2 ∆31 + S
2
12 sin
2 2θ13 sin
2 ∆32
' sin2 2θ13 sin2 ∆31, (4.10)
since ∆m231 ' ∆m232.
The above discussion shows that in order to obtain θ13 we have to subtract the θ13-insensitive contribution
P12 from the experimental measurement of Pdis. To see their individual effects, P13 is plotted in Fig. 4.8
together with Pdis and P12 as a function of the baseline from 100 m to 250 km. The antineutrino energy is
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Figure 4.8: Reactor antineutrino disappearance probability as a function of distance from the source. The
values of the mixing parameters are given in Eq. 4.11. The blue curve represents P12. P13 is the green curve
that has a maximum near 2 km, and the red curve corresponds to total disappearance probability Pdis.
integrated from 1.8 MeV to 8 MeV. It is assumed that sin2 2θ13 = 0.10, which will be used for illustration
in most of the discussions in this section. The other parameters are taken to be
θ12 = 34
◦, ∆m221 = 7.9× 10−5eV2, ∆m231 = 2.5× 10−3eV2 (4.11)
The behavior of the curves in Fig. 4.8 are quite clear from their definitions, Eqs. (4.8), (4.9), and (4.10).
For short baselines ( a few kilometer) P12 is very small, and P13 and Pdis track each other well. This suggests
that the measurement of θ13 can be best performed at the first oscillation maximum of P13(max) ' sin2 2θ13.
Beyond the first maximum, P13 and Pdis deviate from each other as L increases when P12 becomes dominant
in Pdis.
When we determine P13(max) from the difference Pdis − P12, the uncertainties on θ12 and ∆m221 will
propagate to P13. Given the best fit values in Section 3.4, when sin
2 2θ13 varies from 0.01 to 0.10 the relative
size of P12 compared to P13 is about 25% to 2.6% at the first oscillation maximum. Yet the contribution of
the uncertainty of P12 to the uncertainty in determining sin
2 2θ13 is always less than 0.005.
In Fig. 4.9, Pdis integrated over E from 1.8 to 8 MeV is shown as a function of the baseline L for
three values of ∆m232 that cover the allowed range of ∆m
2
32 at 95% C.L. as given in Eq. 3.8. The curves
show that the baseline at which maximum oscillation occurs would depend on the value of ∆m232. For
∆m232 = (1.8, 2.4, 2.9) × 10−3 eV2, the oscillation maximum occurs at a baseline of 2.5 km, 1.9 km, and
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!m2 = 1.8 "10-3 eV2
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Figure 4.9: Reactor antineutrino disappearance probability due to the mixing angle θ13 as a function of the
baseline L over the allowed 2σ range in ∆m232.
1.5 km, respectively. We conclude that, from this phenomenological approach, positioning the detectors
between 1.5 km and 2.5 km is a reasonable choice.
4.4 Precision Measurement of θ13
The value of sin2 2θ13 can be determined by comparing the observed antineutrino rate and energy spectrum
with predictions assuming no oscillations. The number of detected antineutrinos Ndet is given by
Ndet =
Np
4piL2
∫
σPsurSdE (4.12)
where Np is the number of free protons in the target, L is the distance of the detector from the reactor,  is
the efficiency of detecting an antineutrino, σ is the total cross section of the inverse beta decay, Psur is the
survival probability given in Eq. 4.6, and S is the differential energy distribution of the antineutrino at the
reactor shown in Fig. 4.7.
With only one detector at a fixed baseline from a reactor, according to Eq. 4.12, we must determine the
absolute antineutrino flux from the reactor, the absolute cross section of the inverse beta-decay reaction,
and the efficiencies of the detector and event-selection requirements in order to measure sin2 2θ13. The
prospect for determining sin2 2θ13 precisely with a single detector is not good. It is a challenge to reduce the
systematic uncertainties of such an absolute measurement to sub-percent level, especially for reactor-related
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uncertainties.
Mikaelyan and Sinev [60] pointed out that the systematic uncertainties can be greatly suppressed when
two detectors positioned at two different baselines are utilized. The near detector close to the reactor core
can be used to establish the flux and energy spectrum of the antineutrinos. This relaxes the requirement of
knowing the details of the fission process and operational conditions of the reactor. In this approach, the
value of sin2 2θ13 can be measured by comparing the antineutrino flux and energy distribution observed with
the far detector to those of the near detector after scaling with distance squared. According to Eq. 4.12, the
ratio of the number of antineutrino events with energy between E and E + dE detected at distance Lf (far
detector) to that at a baseline Ln (near detector) is given by
Nf
Nn
=
(
Np,f
Np,n
)(
Ln
Lf
)2(
f
n
)[
Psur(E,Lf)
Psur(E,Ln)
]
(4.13)
By placing the near detector close to the core such that there is no significant oscillating effect and the
contribution of θ12 is negligible, sin
2 2θ13 is approximately given by
sin2 2θ13 ≈ 1
A(E,Lf)
[
1− r
(
Nf
Nn
)(
Lf
Ln
)2]
(4.14)
where A(E,Lf) = sin
2 ∆31, with ∆31 defined in Eq. 4.7, is the analyzing power and r is the relative efficiency
of the near and far detectors. The relative detector efficiency can be determined more precisely than the
absolute efficiency. Indeed, from this simplified picture, it is clear that the two-detector scheme is an excellent
approach for precisely determining the value of sin2 2θ13. In practice, we need to extend this idea to handle
more complicated arrangements involving multiple reactors and multiple detectors as in the case of the Daya
Bay experiment.
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Chapter 5
The Daya Bay Reactor Antineutrino
Experiment
5.1 Site Description
The main goal of the Daya Bay experiment is to perform a precision measurement of sin2 2θ13. This
experiment is located at the Daya Bay nuclear power plant in southern China. The location is shown in
Fig. 5.1. The experimental site is about 55 km north-east from Victoria Harbor in Hong Kong. Fig. 5.2 is
Figure 5.1: Daya Bay and vicinity: The nuclear power complex (the red dot) is located 55 km from central
Hong Kong.
a panoramic view of the reactor complex. The complex consists of three nuclear power plants (NPPs): the
Daya Bay NPP, the Ling Ao NPP, and the Ling Ao II NPP. Each NPP has two identical reactor cores with
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Figure 5.2: The Daya Bay nuclear power complex. The Daya Bay nuclear power plant is in the foreground.
The Ling Ao nuclear power plant is in the background. The experimental halls are underneath the hills to
the left.
each of them generating 2.9 GWth during normal operation. The rock in the mountain near the cores provides
natural shielding for the underground experimental halls to suppress cosmic ray induced backgrounds.
5.1.1 Experimental Layout
The setting of six reactor cores can be grouped into two clusters, the Daya Bay cluster with two cores, and
the Ling Ao cluster with four cores. The locations of the detectors were optimized in a way that the amount
of overburden at each site is maximized and the expected distortion between antineutrino spectra at the near
and far sites is also maximized. From Fig. 4.8, one can see that the first maximum of the neutrino oscillation
associated with θ13 occurs at ∼2 km. Three identically designed antineutrino detectors are deployed at
distances of ∼300 m and ∼500 m from their respective cluster of cores to monitor the antineutrino fluxes
from the reactor, two for the Daya Bay cluster and one for the Ling Ao cluster. Another set of three identical
detectors are located approximately 1.5 km north of the two near detector sets. The mountain profile of
Daya Bay is particularly suitable for the detection of antineutrinos in the sense that amount of shielding
from rock increases significantly at the far site comparing to the near site. As a result, the amount of cosmic
ray induced backgrounds decreases with the signal as the detectors are further away from the reactors.
Fig. 5.3 shows the layout of the Daya Bay experiment. The overburden, muon rate, average muon energy,
and average distance to the reactor pairs are listed in Table 5.1.
Overburden Rµ Eµ D1,D2 L1,L2 L3,L4
EH1 280 1.27 57 364 857 1307
EH2 300 0.95 58 1348 480 528
EH3 880 0.056 137 1912 1540 1548
Table 5.1: Overburden (m.w.e.), muon rate Rµ (Hz/m
2), and average muon energy Eµ (GeV) of the three
experiment halls, and the distances (m) to the reactor pairs.
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Figure 5.3: Layout of the Daya Bay experiment. The dots represent reactors, labeled as D1, D2, L1, L2, L3
and L4. Six ADs, AD1-AD6, are installed in three EHs.
5.2 Detector Overview
The design of the antineutrino detectors is similar to the one used by Reines and Cowan [34] to detect the first
antineutrino in the fifties. A cylindrical and transparent acrylic vessel filled with Gadolinium-doped liquid
scintillator (target) is chosen to serve both as the target and the detection medium. The central target is
enclosed by another cylindrical and transparent acrylic vessel filled with regular liquid scintillator (γ-catcher).
The purpose for having this extra layer of liquid scintillator is to catch the γ-ray escaping the target volume
such that it would not be necessary to impose fiducial volume cut to select the antineutrino events. Outside
the regular liquid scintillator volume, mineral oil (buffer) is used to prevent natural radioactivity entering
the central regions from the PMTs or the surrounding rock. For each AD, 192 Hamamatsu 8-inch PMTs are
mounted on the wall of the stainless steel tank which holds the mineral oil to detect the scintillation light
from the liquid scintillator. On top of each AD, there are three automatic calibration units (ACU) and each
of them can deploy four calibration sources into the ADs. Fig. 5.4 shows the cross-sectional model of the
ADs. Optical reflectors are installed at the top and the bottom of each detector, so that the PMTs are only
positioned on the circumference of the stainless steel tank. The reflection of the scintillation light from the
reflector reduces the number of PMTs required by almost a factor of 2. The inner surface of the stainless
steel tank is coated with a black layer such that the PMTs only detect light directly from the antineutrino
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interaction in the liquid scintillator or light from the flat reflectors. This improves the position resolution
of the positron interaction and of the neutron capture, at some expense in energy resolution. To further
reduce the background level, the ADs are stored in a water pool which serves as a shield to attenuate γ and
neutrons from the surrounding rock. The water pool is segmented in a way that the inner part is optically
isolated from the outer part. Tens of PMTs are installed in the wall of each of the isolated water pool such
that Cherenkov light produced in the water by cosmic ray muons can be detected. Together with RPC
placed on the top of the outer water pool, they form the muon veto to reject cosmogenic backgrounds in the
ADs. Fig. 5.5 shows four ADs sitting in the water pool with layers of RPC covering the top in the EH3. At
the current stage of the experiment, only three ADs are installed in the EH3.
Figure 5.4: Cross-sectional model of the antineutrino detectors. The models show the complete antineutrino
detectors including the automated calibration boxes and overflow tanks on top of the AD lid.
5.2.1 Detector Geometry and Dimensions
The central target region is a cylinder of 3.1 m height and 1.55 m radius containing ∼20 tons of Gd-doped
liquid scintillator. The γ-catcher region is 0.425 m thick such that it also contains ∼20 tons of regular liquid
scintillator and the oil buffer is 0.488 m thick. The diameter of the stainless steel vessel is 5.0 m, with a
height of 5.0 m and a total mass of 100 tons. This total mass was determined by the goal of the experiment:
measure sin2 2θ13 with a sensitivity of 0.01. Fig. 5.6 shows the projected sensitivity as a function of the
target mass of the far site detector for three years of data taking. One can see that a total target mass of
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Figure 5.5: Layout of the baseline design of the Daya Bay detector at the far site. Four antineutrino detector
modules are shielded by a 1.5 m-thick active water Cherenkov shield. Surrounding this shield and optically
isolated from it is another 1-meter of water Cherenkov shield. (The optical barrier between the two water
shields is not shown, nor are the PMTs.) The muon system is completed with RPCs at the top (which are
shown in the retracted position).
50-100 tons at the far site is a reasonable choice to achieve the target sensitivity. Table 5.2 summarizes the
dimensions of the mechanical structures and materials of the ADs.
Region Inner Outer Inner Outer Thickness (mm) Materials
radius (m) radius (m) height (m) height (m)
target 0.000 1.550 0.000 3.100 10.0 Gd-LS
γ-catcher 1.560 1.985 3.120 3.970 15.0 LS
buffer 2.000 2.488 4.000 4.976 12.0 mineral oil
Table 5.2: Dimensions of the mechanical structure and materials of the antineutrino detector modules.
5.2.2 Liquid Scintillator and Detector Liquids
The gadolinium-loaded organic liquid scintillator (Gd-LS) fills the central vessel of the antineutrino detector.
The hydrogen atoms in the liquid scintillator serve as the target for the IBD interaction, and the Gd atoms
capture the neutrons produced from the process and form a delayed coincidence tag with the prompt positron.
This delayed coincidence technique can greatly reduce the amount of random backgrounds which may come
from natural radioactivity and other cosmogenic backgrounds. The LS contains ∼10% of hydrogen. Gd
has a very large neutron capture cross section, σ = 49, 000 barns while hydrogen only has cross section,
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Figure 5.6: Sensitivity of sin2 2θ13 at the 90% C.L. as a function of the target mass at the far site. The solid
line corresponds to the current best-fit central value of ∆m231 and the dashed line corresponds to the 90%
C.L. lower limit on ∆m231.
σ = 0.33 barns. Neutron capture on Gd produces several γ rays with a total energy of ∼8 MeV, that is
much higher than γ rays from natural radioactivity, to serve as a distinctive signature of IBD events. A
0.1% Gd-doping (1 g Gd per kg LS) yielded a neutron capture time of ∼28 µs, about a factor of six shorter
than that on protons in regular liquid scintillator, which helps to further decrease the amount of random
coincidence background.
Experience from CHOOZ [19] suggests that, in order to have a successful measurement of θ13, the Gd-LS
must have the following key properties: a) high optical transparency (long optical attenuation length, on
the order of several meters,) (b) high photon production (high light yield) by the scintillator, (c) ultra-
low impurity content, mainly of the natural radioactive contaminants, such as U, Th, Ra, K, and Rn,
and (d) long-term chemical stability, over a period of several years. It is necessary to avoid any chemical
decomposition, hydrolysis, formation of colloids, or polymerization, which can lead over time in the LS to
development of color, cloudy suspensions, or formation of gels, emulsions or precipitates, all of which can
degrade the optical properties of the LS.
Extensive research and development efforts have been put into this area and the final compositions of
the liquids are chosen based on the criteria mentioned above. Linear Alkyl Benzene (LAB) is chosen to be
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the solvent for Gd-LS. LAB is composed of a linear alkyl chain of 1013 carbon atoms attached to a benzene
ring, and has an appreciable light yield. LAB also has a high flash point (130◦C), which significantly reduces
safety concerns. After the Gd-complex is introduced into the LAB, a primary fluorescent additive and a
secondary spectrum shifter (both called fluors) are added so that the effective wavelength of the emitted
light is in the blue region, where the PMTs are most sensitive. The final concentration of the solutes includes
1 g/L Gd (∼0.1% Gd by weight), 3 g/L (0.3% by weight) of the primary wavelength shifter, PPO, and 15
mg/L of the secondary shifter, bis-MSB. The resulting liquid is then filtered through a 0.22 µm pore-size
filter and bubbled with nitrogen to remove air and Radon.
5.2.3 PMT System
The performance of the PMTs in the ADs is of critical importance for the Daya Bay experiment since
the antineutrino events are reconstructed from the signals provided by the PMTs. In this section, various
features of the PMTs will be described. The characterization of the PMTs will be presented in Chapter 6.
1625 oil-proof and 625 water-proof 8-inch PMTs were procured from Hamamatsu Photonics. The oil-
proof PMTs are used inside the ADs to detect the scintillation light from the LS while the water-proof
ones measure the Cherenkov light in the water pool. The internal structures are the same for the oil-proof
and water-proof PMTs but the structures at the PMT base are different. Fig. 5.7 shows the dimensions
of the Hamamatsu R5912 PMTs. This 10-dynode PMT is designed for neutrino physics and has a large
photocathode area made with Bialkali, fast time response, high stability, and low dark rates. Detailed
specifications can be found at [63].
For each AD, 192 oil-proof PMTs are distributed equally in 8 horizontal rings, as shown in Fig. 5.8. On
each ring there are 24 PMTs facing radially inward, perpendicular to the wall of the detector tank. The
inner water pool is instrumented with arrays of water-proof PMTs as shown in Fig. 5.9. Inward-facing PMT
arrays is mounted on frames placed at the sides and on the bottom of the pool, abutting the inner surfaces of
the outer sections (which is covered with Tyvek). The PMTs are approximately evenly distributed forming
a rectangular grid with a density of 1 PMT per ∼8 m2. This corresponds to a 0.5% areal coverage. The total
number of PMTs for the far site and the two near sites in the inner water pools is 392, as listed in Table 5.3.
The outer shield has inward-facing PMTs on the sides and the bottom of the pool and outward-facing PMTs
on the side partitions, all at densities of one per 6-7 m2. The numbers are summarized in the same table.
A single coaxial cable is supplying positive high voltage to each PMT and carrying the signal from the
PMT to the front end electronics (FEE) to reduce the total cable volume. A µ−metal shield is used to
cover every PMT such that the effect from local magnetic field would be minimum. It is preferable for
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Figure 5.7: The Hamamatsu R5912 8-inch PMT dimensional outline (taken from [63]).
Figure 5.8: Layout of the PMTs in the ADs. The support structure is made of eight angular sections. Each
section carries 24 PMTs in equal circular spacing. Together they form a complete ring. The sections can be
vertically lowered into the antineutrino detector and secured. The PMTs are held by the mounts shown in
the above figure on a ladder.
the µ−metal shield at the cathode potential. A positive high voltage supply forces the photocathodes of
the PMTs, the magnetic shields and the detector are all connected together at ground. One drawback of
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Figure 5.9: Layout of the PMT and the ADs in the Far Hall, top view.
Site Inner Inner Inner Outer Outer Outer Total
bottom sides total in-facing out-facing total
DB Near 20 96 116 109 64 173 289
LA Near 20 96 116 109 64 173 289
Far 32 128 160 128 96 224 384
All three 72 320 392 346 224 570 962
Table 5.3: Numbers of PMTs for the water pools
using positive high voltage is that it is required to AC couple to the front-end electronics, and overshooting
would occur following a large PMT pulse. Bases for the PMTs are specially designed to maintain a high
photoelectron collection efficiency at a gain of 107. Fig. 5.10 shows a Hamamatsu R5912 PMT with a base
assembled. The high voltage is supplied by CAEN SY1527LC mainframe equipped with 1934A 48-channel
HV distribution modules. Each mainframe could house up to eight 1934A modules giving a total of 384
channels. A LabView program was written to control the output voltage and currents. A decoupler is used
to separate the signals from the high voltage and then to pass the signal to the FEE. Fig. 5.11 shows various
components of the AD PMT system.
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Figure 5.10: A photograph of a Hamamatsu R5912 PMT assembly. A specially designed circuitry is attached
to the bottom of the PMT to supply high voltage and to retrieve signals though a single coaxial cable.
Figure 5.11: A block diagram of the AD PMT system.
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5.3 Calibration and Monitoring Systems
The purpose of the calibration and monitoring systems is to ensure that differences between detector modules
can be studied and understood at the level of ∼0.1% since ratios of observed event rates between identical
detectors are used to measure θ13. In particular, one would like to know the energy scales, the long term
stability, the response and the optical properties of the detector modules.
5.3.1 Calibrations Sources
The prompt signal from positrons is expected to have an energy range from 0.7 MeV to 12 MeV. Therefore,
it is crucial to understand the energy scale using different sources covering this energy range. The detector
response to positrons, neutrons, and gammas can also be studied by deploying the corresponding calibrations
sources at different locations of the detector modules. Table 5.3.1 lists the various calibration sources used
in the ADs.
Sources Calibration types Energy
241Am-13C neutron 2.223 MeV (capture on hydrogen),
∼8 MeV (capture on Gd)
Cosmic rays neutron 2.223 MeV (capture on hydrogen),
∼8 MeV (capture on Gd)
60Co γ 1.173 + 1.332 = 2.505 MeV
68Ge positron 1.022 MeV
LED diffuser ball optical photon changeable
Table 5.4: List of calibration sources used to calibrate the ADs.
241Am-13C source can be used to calibrate the neutron capture detection efficiency on hydrogen and Gd.
The neutron capture signals provide the energy scale calibration at ∼8 MeV (n-Gd) and 2.2 MeV (n-H). In
addition, the neutron source can help determine the appropriate energy threshold for neutron detection and
to measure the neutron capture time for the detectors. In order to eliminate correlated emission of neutron
and gamma from the AmC source, gold foil is used to attenuate the alphas from 241Am to less than 4.5 MeV.
The source is then pressed against 13C power such that the resulting source would have no correlated gamma
emission.
The positron detection threshold can be calibrated by a 68Ge source. 68Ge decays via electron capture
into 68Ga, which then immediately decays and emits positrons. The ionization energy of the positron will
be absorbed by a layer of polyethylene, and the two 511 keV annihilation gammas which can be used to
calibrate the threshold for positron detection which is at 0.7 MeV.
The LEDs can provide fast pulses (a few ns) of light which have similar wavelength as the scintillator
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light to check the optical properties of the liquid scintillator, the performance of the PMTs and the timing
characteristics of the data acquisition systems.
60Co source can provide another energy calibration point at ∼2.5 MeV since it decays via beta decay to
60Ni which would further emit two gamma rays with energies 1.17 MeV and 1.33 MeV.
For each AD, there are three automated calibration units (ACU) built to hold these sources at three
different radial positions, as shown in Fig. 5.12. The radial positions are chosen such that the detector
response at the center, the edge of the target volume, and the middle of the γ-catcher can be studied.
Figure 5.12: A diagram of the AD showing the 3 ACUs at different radial positions. Each ACU can hold
and deploy 4 different calibration sources (AmC and Co are stored in a single compartment).
5.3.2 Detector Monitoring
Cosmic ray muons passing through the detector modules will produce spallation neutrons which should
be uniformly distributed throughout the detector volume. Therefore, these events provide very useful in-
formation on the full detector volume which is complementary to the information obtained by deploying
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calibration point sources. For example, such events are used by KamLAND to study the energy and position
reconstruction as well as to determine the fiducial volume. Regular monitoring of the full-volume response
for these events, compared with the regular automated source deployments, will provide precise informa-
tion on the stability (particularly of optical properties of the detector, but also general spatial uniformity
of response) of the detector modules. With the addition of Monte Carlo simulation, this comparison can
be used to accurately assess the relative efficiency of different detector modules as well as the stability of
the efficiency of each module. The spallation neutron events are particularly valuable as they provide an
abundance of neutron capture events following cosmic muon events. In addition to accurately monitoring
the stability of the 8 MeV capture signal, these events will facilitate monitoring of the relative neutron
capture time. This parameter is directly related to the fraction of Gd captures which is a component of the
antineutrino detection efficiency. Monitoring the stability of this quantity provides an important constraint
on the variation of the neutron detection efficiency. For the near sites, we can obtain sufficient statistics in
about three days to constrain the Gd capture fraction to ∼0.1%. For the far detectors, we will need about
one month to reach this precision.
The ACUs are used to monitor all detector modules on a weekly basis. All three experimental sites are
taking calibration data simultaneously for 6 hours every week. During the calibration, at each axis, each of
the sources would be deployed at 3 to 5 locations along the z-axis and data would be taken for about 2-5
minutes at each location. This is facilitated by three independent stepping motor driven source deployment
units all mounted on a common turntable in the ACUs. The turntable and deployment units are all enclosed
in a sealed stainless steel vessel to maintain the isolated detector module environment from the outside. All
internal components were certified to be compatible with the liquid scintillator so that the liquid would not
be contaminated during the calibration. The deployment systems are operated under computer-automated
control in coordination with the data acquisition system to facilitate the separation of source monitoring
data from physics data. Each source can be withdrawn into a shielded enclosure on the turntable for storage.
The deployed source position can be known to less than 1 cm.
5.4 Muon System
The major irreducible background to the Daya Bay experiment is the cosmic ray induced backgrounds despite
the fact that the ADs are shielded by large amount of rock at all three experiment halls. It is thus important
to be able to tag the muons entering the detector systems efficiently and to shield unwanted backgrounds
entering the ADs. To achieve these goals, the ADs are immersed in water such that there is at least 2.5 m
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thick of water in any direction to attenuate the ambient γ and neutron backgrounds from the rock.
Fig 5.13 shows the elevation view of an experiment hall. The antineutrino detectors are separated by 1
m from each other and immersed in a large pool of highly purified water. The pools are all octagonal in
cross-section as shown before. The water pool at EH3 has dimensions of a 16 m × 16 m × 10 m (height)
with corners cut off at 45◦ such that the shortest distance from the walls to an AD is 2.5 m. The near hall
pools have dimensions of 16 m × 10 m × 10 m (height) rectangles with corners cut off according to the same
principle as for the EH3. The water pool is divided into two sections, inner and outer, and instrumented
with PMTs to detect Cherenkov radiation from muons going through the water. The outer side and the
bottom sections of the pool are 1 m thick, read out by PMTs spaced periodically. The outer sections are
separated from the inner pool by Tyvek film 1070D reflectors stretched over a stainless steel frame. Four
layers of Resistive Plate Chambers (RPC) cover the pool to serve as an independent muon tagging system
which will be used in the future. The top layers extend 1 m beyond the edge of the pool in all directions,
both to minimize the gaps in coverage and to allow studies of background caused by muon interactions in
the rocks surrounding the pool.
Figure 5.13: Elevation view of an experimental hall, showing the design for the muon system. This includes
a layer of RPCs above the water pool with at least 2.5 m of shielding for the antineutrino detectors, two
layers of 8 PMTs in the water.
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5.5 Data Acquisition System
The data acquisition system (DAQ) has the following functionalities:
1. read data from the front-end electronics,
2. concatenate data fragments to form a complete event,
3. archive event data,
4. run control and monitoring.
Fig. 5.14 shows a block diagram of the DAQ system. At each experimental hall, data from all the detector
subsystems are fed to the VME readout system. Then an event building computer would concatenate the
data to form physics events. The processed data are transferred to some local hard disk arrays before being
sent to the remote data archival storage.
Figure 5.14: A block diagram of the DAQ system.
5.5.1 PMT Front-End Electronics
The PMT signals are processed by the PMT FEE which is designed to provide fast information to the trigger
system, to determine the charge of each PMT signal, and to provide timing information. The signals from
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IBD interaction have energies ranging from 0.7 MeV to 12 MeV. On average, each individual PMT would
receive only tens of photoelectrons (p.e.) for this kind of events. Passage of cosmic ray muons through the
ADs would likely produce a huge signal and each PMT could receive thousands of photoelectrons depending
on the location of the interaction. In order to be able to record all these events accurately, the FEE has
a full dynamic range from 0 to 4000 p.e. For precision purpose, two pairs of amplifiers and ADCs are
used to provide a fine range measurement from 0 to 400 p.e. and a coarse range measurement from 0 to
4000 p.e. If the fine range ADC is saturated by some high energy signals, the coarse range ADC would be
used automatically.
Each FEE board accepts signals from 16 PMT and performs the timing and charge measurements. The
number of channels over threshold and the total charge observed by the FEE board are fed to the trigger
system for a fast trigger decision. After collecting information from all readout boards, a trigger signal may
be generated and distributed to each FEE board and used as a common stop for the TDCs. It also initiates
readout of the ADC and TDC data.
PMT signals are amplified and used to drive three distinct circuits, a discriminator (threshold decision
and TDC start pulse), a charge summing circuit (for the energy sum trigger), and a pulse shaping circuit
whose output is sampled to accurately measure the charge of the pulse. A simplified circuit diagram of the
electronic readout system, showing its main functions, is given in Fig. 5.15. 16 PMT channels are grouped
and processed in one FEE board which would generate the number of PMT hits in coincidence in each
100 ns time window (NHIT) and the total analog sum (ESUM) of these 16 PMTs. The NHIT and ESUM
information are then sent to a local trigger board (LTB).
5.5.2 Trigger System
The trigger system makes trigger decisions based on the signals coming from the ADs, the water pools and
the RPCs to select different types of events. For each sub-detector (one AD, for example), there is one LTB
processing the trigger information. Each LTB at an experimental hall sends the processed data to a master
trigger board (MTB). In total, there are 14 LTBs (8 ADs, 3 inner water pools and 3 outer water pools)
and 3 MTBs (3 experimental halls) to form the trigger system. The trigger system is completed by a clock
synchronization system to ensure that all the experimental halls share a common time. Fig. 5.16 shows the
block diagram of the trigger system.
The LTBs receive and process the NHIT and the ESUM information from 16 FEE boards at most and
then generate two corresponding physics triggers depending on the final trigger conditions. Other than
the physical triggers, the LTB can also generate two internal triggers: periodic trigger and software trigger
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Figure 5.15: A simplified block diagram of front-end electronics module for PMT readout.
for other studies such as dark rate measurement. Additionally, calibration trigger and cross trigger from
the other sub-detectors can be sent to the LTBs though the MTBs. In other words, the MTBs allow
communication between all sub-detectors.
5.5.3 Timing System
The timing system provides a global time reference to the entire experiment, including the triggers, DAQ, and
front-end boards for each sub-system at each site. It is important because each sub-system has independent
trigger system and the data from various trigger streams have to be synchronized oﬄine. For instance, the
study of cosmic ray induced backgrounds require precise relative timing between the muon detectors and
the ADs. The global reference time is produced using a GPS at the control room. A GPS driver receives
the signal from the GPS and then provides a signal encoding the absolute timing information to all the
experimental halls.
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Figure 5.16: A block diagram of trigger system used at Daya Bay.
60
Chapter 6
Characterization of Photomultiplier
Tubes for the Daya Bay experiment
6.1 The Goals of the PMT Testing
Each of the eight ADs of Daya Bay, as discussed in Section 5.2, is instrumented with 192 oil-proof PMTs
to record the scintillation light produced by the inverse beta decay inside the gadolinium-doped liquid
scintillator. The water pools are also viewed by hundreds of water-proof PMTs, (number varied depending
on site location) to record the Cherenkov light produced mostly by cosmic rays. This chapter describes the
procedures and the results of the testing of 1625 oil-proof and 625 water-proof PMTs which is crucial in
understand our detector system. The author spent a few months at the Dongguan University of Technology
(DGUT) to aid the testing.
The primary goals of the PMT testing at DGUT are as follows:
• To ensure all PMT/bases characteristics are in compliance with the requirements of the experiment.
• To detect early abnormal behavior of the PMT/bases assemblies.
• To provide operational high voltage values during the startup phase.
In order to achieve these goals, every PMT/base assembly went through series of steps described in the
following sections.
6.2 Initial Inspection
Every single 8-inch Hamamatsu R5912 PMTs (specifications listed in Table 6.1) was checked for any physical
damage upon arrival from the manufacturer. If there were problems, for example, cracks on the PMT glass,
discoloring of the photo-cathode or loose cable/base from the PMTs, they would be photographed and
returned to the manufacturer. Most of the tubes did not have the problems mentioned above. After this
quick check, a visual inspection of bubbles on the PMT glass and a check of the base sealing were performed.
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The weight and the circumference at the equator of the first 47 PMTs were also measured and found to be
quite uniform, hence these measurements were later dropped for the other PMTs.
Table 6.1: Key specifications of Hamamatsu R5912 PMT [63].
General parameters of R5912 Description
Type Hemispherical
Active diameter 190 mm
Minimum wavelength 300 nm
Maximum wavelength 650 nm
Peak wavelength 420 nm
Material of window Borosilicate
Material of cathode Bialkali
Number of dynodes 10
The first inspection was done by two operators to do the bubble and the seal check described below.
There was a second inspection by another operator to do the same checks to ensure correctness. PMTs that
passed the initial checks proceeded to the burn-in process and the characteristic tests. Some of the PMTs
had problems with bubbles and sealing and did not proceed to other tests.
6.3 Bubble Check
The number of bubbles on the PMT glass (see Fig. 6.1) was counted with the following criteria:
Figure 6.1: Typical bubbles on a PMT glass (meter in unit of mm).
1. Within the active area (photocathode) boundaries on the PMT glass there should be:
(a) no bubbles greater than 5 mm in size,
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(b) less than or equal to 3 bubbles with sizes between 2 mm and 5 mm,
(c) less than or equal to 5 bubbles with 1 mm to 2 mm size.
2. Outside the active area of the boundaries of PMT glass envelop:
(a) no bubbles greater than 5 mm in size,
(b) less than 5 bubbles with sizes between 2 mm to 5 mm.
The result for this check was simply a “pass” or “fail”.
6.4 Seal Check
The sealings at various locations of the PMT assembly are important for the PMT longevity. As illustrated
in Fig. 6.2, the following sealings were studied:
1. This is the sealing where the cable goes into the base (Fig. 6.2: position 1). Hamamatsu uses Teflon
tape wrapped around the cable and puts a heat shrink tubing over it to prevent the oil from entering
into the PMT base (Fig. 6.3). Previous tests from Rensselaer Polytechnic Institute (RPI) showed that
under pressure in water, water can get pass this sealing. This point was not checked at DGUT since
it was not practical to perform such test which would require the PMTs to be immersed in water.
2. The sealing of the base to the PMT glass (Fig. 6.2: position 2). Hamamatsu uses an adhesive bond to
attach the base to the PMT glass. A broken seal can cause a potential leak.
3. The sealing (Teflon O-ring) inside the PMT base (Fig. 6.2: position 3). Epoxy should fill the space
between point 2 and point 3. If there are holes in both position 2 and position 3, there is a potential
for leaks into the PMT base circuit. This point was not checked at DGUT because of the difficulties
to judge if there were holes or not.
4. As shown in Fig. 6.2: position 4, a circular acrylic disk is mounted on top of the potting compound.
We found that some PMTs had holes in the region probably due to the manufacturing process. Check
was done to see if the holes allowed any leakage by inserting a thin wire. The wire should not be able
to touch the signal cable of the PMT.
The result for this check again was simply a “pass” or “fail” for each position.
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Figure 6.2: Oil-proof PMT base assembly [57].
Figure 6.3: Oil-proof PMT base assembly, seal
position 1.
Figure 6.4: Oil-proof PMT base assembly, seal
position 2.
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6.5 Burn-in
The burn-in system was designed to stabilize the PMT gain and dark rate before the main tests and also
to catch abnormal behavior, if any. PMTs are installed in dark boxes with high voltage applied. Abnormal
behavior includes:
• dark current is out of range;
• fluctuation of the dark current is out of range;
• any HV trips during burn-in;
• abnormal shape of PMT signals;
• extreme noise.
The burn-in system was composed of three dark boxes, a CAEN SY1527 high voltage system with two
A1535P HV cards, a Windows XP dedicated slow control system based on LabView 8.2, three LED flasher
boxes, an oscilloscope, and a signal decoupling/switch panel. Fig. 6.5 shows the schematic diagram of the
PMT burn-in and testing system used at DGUT. The slow control/DAQ PC communicated with the LED
pulser through the NIM crate to fire a pulsed laser. The generated light was split by some optics and then
was fed into the dark box through a light guide. The PMTs inside would observe the light and send the
signals back to the DAQ system or the oscilloscope for reading an individual PMT.
6.5.1 Dark Box
Four functionally identical dark boxes, designed and manufactured by the LBNL group, were used to perform
the burn-in and to measure the characteristics of the PMTs. Each box can hold 16 PMTs, as shown in
Fig. 6.6, with a layout of 2 rows and 8 columns and one of the PMTs can be used as a reference tube. Three
of them were used for burn-in and one of them was used as the test box for characteristic tests. The dark
boxes accommodated the PMTs along with the attached bases, potting shells and cables. The enclosure was
constructed of plywood and lined with a non-reflective paint to prevent undesirable light reflections. The
entire box was also lined inside with a copper mesh to provide RF shielding. The PMTs were mounted within
acrylic tubes with a black paper inner lining for optical isolation and a mu-metal outer lining for magnetic
shielding. The PMTs and fixed electrical feedthroughs were readily accessible by means of a hinged cover
which provided further optical isolation. The box cover was interlocked with the high voltage system as a
safety measure. Labyrinth type closures on the cover panels and at joints provided the appropriate optical
sealing. Fig. 6.7 shows the picture of the three burn-in boxes situated in the burn-in room.
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Figure 6.5: The schematic of the PMT burn-in and testing system.
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Figure 6.6: A 3D CAD drawing of the PMT dark
box.
Figure 6.7: Three burn-in boxes (2 of them
opened, one closed) in the burn-in room at
DGUT. Each of them can accommodate 16
PMTs. The white lines are the nylon loop and
hook tape for fastening the PMTs.
The dark boxes were modified in a way that nylon hook and loop were used to mount the PMTs. Origi-
nally small setscrews were used to tighten a PMT to the PMT holder. It was considered quite inconvenient
as the PMTs were mounted and unmounted frequently. A 20 cm long Velcro straps were then used to fasten
the PMT inside the PMT holder for easy installation.
6.5.2 Light Source
Each PMT inside the dark box was illuminated by an LED light source, which was glued to light mixer
wrapped in ESR film (mirror box). The LED was driven directly by a BNC 575 pulser [33]. Sixteen 1 mm
PMMA optical fibers in black jacket were used to distribute light for 16 PMTs. The interface between
the pulsing system and the dark box was done using Swagelok connectors for 1/4 tubing and intermediate
interface plate. For additional mechanical and light leak protection for the optical fibers, black plastic 1/4
tubing was also used. The uniformity between the fibers was measured to be 7%. The liquid-filled light
guides were located at about 4-inch from the front surface of the PMTs. For the purpose of burn-in, the
LED was set with 22 ns pulse width and frequency at 1 kHz. Fig. 6.8 shows the prototype of the light source
and Fig. 6.9 shows the LED light coming out of the light box through a 4 by 4 grid. The optics was designed
and manufactured by the UCLA group.
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Figure 6.8: The prototype of the LED light
source.
Figure 6.9: A cross-sectional view of the light
source. The LED light came out in a 4x4 grid
which was further guided to each of the 16 PMTs
inside the dark box.
6.5.3 Signal Decoupling
Each PMT has only one cable to carry both high voltage supply and signal. A signal decoupling device
(splitter box) was designed by the LBNL group to separate the signals of the PMTs from the high voltage.
Fig. 6.10 shows the schematic diagram of one channel in the splitter box. It was then possible for one to
check the individual PMT waveform on the oscilloscope with the help of this splitter box.
Figure 6.10: A schematic diagram of one channel in the splitter box which separated the signal of the PMT
from the high voltage.
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6.5.4 Slow Control System
The slow control system had three parts: a main controller, a configuration editor, and a database editor.
The main controller had the following functions: power on/off, setting and monitoring the target voltage
and current, ramping up/down the rate, recording PMT information and burn-in results to the database,
sounding alarm for channel trip, giving indications for high voltage on/off, power on/off etc. The configu-
ration editor was used to change various parameters such as backup file and log file directory, voltage limit
for the ”DANGER HV ON” light, target voltage tolerance, and upper limit of input voltages. The database
editor was accessed to add, delete or change entries of PMT information. Fig. 6.11 shows the graphical user
interface of the LabVIEW-based slow control program for the burn-in.
Figure 6.11: A screenshot of the slow control program used in the burn-in process. The program monitored
the high voltage supplied to each PMT and also the hardware status of the mainframe.
6.5.5 Procedures
The following procedures were taken for burn-in:
1. Loaded the burn-in boxes with 48 PMT assemblies which passed initial inspection.
2. Connected the HV/signal cables to the burn-in boxes.
3. Input all the required information (Base ID, PMT Serial etc.) using the LabView program (Operator
1).
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4. Checked that information were typed in correctly (Operator 2).
5. Clicked ”Start new run” in the control computer and applied the high voltage provided by Hamamatsu
at a gain of 107.
6. From the GUI window verified the high voltage on all 48 channels reaching the target HV values.
7. Using the channel selector 1 and the oscilloscope to verify that the signals directly from all PMTs were
normal (an amplitude about 300 mV, and width of 30 ns).
8. Verified using the oscilloscope that there was no light leak in the box on any of the 48 channels.
9. Set the threshold of the discriminator at about 5 mV (1/4 p.e.). With the BNC pulser on, the single
rates should be about few kHz (<10 kHz).
10. Determined the resistance of each PMT base loaded into the dark box. The values should be close to
12.75 MΩ.
11. Recorded the starting time in the logbook.
12. Verified the PMT signals using the channel selector with the oscilloscope in every few hours (only
during working hours in daytime). The amplitude and the width of the signals should be about the
same as at the beginning of burn-in.
13. Turned off the light if there was no work being done in the burn-in room.
The whole burn-in process for 16 PMTs in one dark box lasted for three days.
6.6 Measurements and Results
After the burn-in, several characteristics were measured for the PMT/base assemblies in order to determine
whether they should be rejected or accepted based on the criteria decided by the PMT group. Table 6.2
gives a short summary about the measurement and criteria used at DGUT. Details of the measurements
and definitions of parameters are given in the following sections.
1It is a device which allows the operator to select a single channel out of 48 channels from the burn-in boxes to observe and
feed to other electronics
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Table 6.2: List of PMT measurements and acceptance criteria.
Test No. Measurement Parameter Acceptance criteria
1 SPE at nominal V Peak to Valley ratio > 2.5
2 gain vs HV α, V0 for gain 10
7 Vnom -250 V < V0 < Vnom +250 V
3 SPE at gain 107 FWHM not an acceptance criteria
3 SPE at gain 107 Peak to valley ratio > 2.5
4 linearity at gain 107 linearity < 2% at 60 mA, < 5% at 80 mA
6
dark rate dark rate vs HV < 10 kHz
at three thresholds at 1/4 PE threshold
7
pre-pulse fraction pre-pulses < 5%
(pulse number)
8
after-pulse fraction of after-pulses < 5%
(pulse number)
11 rise time 10%-90% of pulse height < 5 ns
11 fall time 90%-10% of pulse height < 10 ns
6.6.1 Electronics and Data Acquisition System (DAQ)
The DAQ system for the characteristic tests was composed of a CAEN SY1527LC Universal Multichannel
High Voltage Supply System [49], a NIM crate with a transformer for switching 110 V to 220 V, a CAMAC
crate with various modules, a splitter box, a BNC Model 575 digital delay/pulse generator [33] for LED, and
a LeCroy waveRunner 44Xi digital oscilloscope [54], as shown in Fig. 6.12. Fig. 6.13 shows the schematic of
the DAQ system. The PMT signal was first fanned out into three branches. One of them was amplified 10
times and further fanned out into two branches, A and B. Branch A measured single photo-electron(SPE)
response with an ADC while Branch B measured dark rate using a discriminator and a scaler. For Branch
C, raw PMT signal was fed into a multiplexer and then a waveform digitizer to study the waveform, the pre-
and after-pulses, and the fall and rise time. The last Branch D was fed into another ADC directly without
amplifying to study the relationship of supplied high voltage versus gain and linear behavior of the PMTs.
6.6.2 Gain Vs. High Voltage
The purpose of this measurement was to obtain the relationship between the PMT gain and its supplied
high voltage. One can then deduce the high voltage values at different gains, for example, 1×107, or 2×107.
For this measurement, the LEDs were fired at 1 kHz with neutral density filters to reduce the light output.
The light intensities were adjusted to a level that only one out of ten LED triggers would give a PMT
signal in order to observe only the SPE spectrum. If one assumed that the number of photo-electron (p.e.)
created per event np.e. is Poisson distributed, then the probability for np.e. ≥ 2 is only about 0.5%. For each
PMT, eleven charge spectra (60k events each) were taken at high voltage values HVj(j = 1, . . . , 11) ranging
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Figure 6.12: The data acquisition system at DGUT.
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Figure 6.13: Schematic of the DAQ system, Branch A is used for SPE measurement, Branch B for dark rate,
Branch C for pre- and after-pulses and fall time and rise time, Branch D for high voltage versus gain and
linearity.
between ±250 V around the nominal high voltage Vnom ( which is the value for a gain of 107 provided by
Hamamatsu). Fig. 6.14 shows an example of the SPE spectra. To analyze these spectra, the pedestal peak
was fitted by a Gaussian:
Ped(x) =
NPed√
2piσ2Ped
exp
(
− (x− µPed)
2
2σ2Ped
)
. (6.1)
For the SPE peak, a combination of a Gaussian and an exponential was used:
SPE(x) =
NSPE√
2piσ2SPE
exp
(
− (x− µSPE)
2
2σ2SPE
)
+
Nexp
τ
exp
(
− x− xmin
τ
)
. (6.2)
NPed and NSPE are the number of entries in the pedestal and the SPE peak respectively. µPed and µSPE
are the mean values of the fitted Gaussians with the corresponding standard deviation σPed and σSPE. Nexp
and τ are the free fitting parameters of the exponential function which is used to describe the bad amplified
events. x is the number of the ADC channel and corresponds to a charge of x × 0.025 pC. xmin is the end
point of the pedestal fit and the starting point of the exponential fit which is roughly determined by the
valley position.
From the results of the fitting, the number of ADC channel for a SPE signal is calculated by:
A = µSPE − µPed (6.3)
For the eleven different high voltage values HVj , the corresponding number of ADC channel (converted to
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Figure 6.14: SPE charge spectrum together with
fit functions for pedestal and SPE peak. A com-
bination of two Gaussians and an exponential
function was used to fit the pedestal and the SPE
peak together (dotted red).
Figure 6.15: A typical PMT gain vs high voltage
curve. Green line is a power law function to fit
the black data points.
gain) for SPE A(HVj) are shown in Fig. 6.15. A power law function:
A(HV ) = Constant× (HV
HV0
)α
(6.4)
was used to fit the A(HV) dependence. From this fit, one could then obtain HV0 which is the high voltage
value of the PMT for a gain of 107. The obtained results of HV0 for all the tested oil-proof and water-proof
PMTs are presented in Fig. 6.16(a) and Fig. 6.16(b) respectively. There is a good correlation between the
tested values and the original values provided by Hamamatsu, as shown in FIg. 6.17(a) and Fig. 6.17(b) for
the oil-proof and water-proof PMTs respectively.
6.6.3 SPE Response
After the HV0 value for a PMT was obtained, another SPE measurement was performed. To improve the
precision of the measurement, 300k events were recorded to study the SPE spectra, similar to the one shown
in Fig. 6.14. The peak-to-valley ratios P/V , defined as the ratio between the maximum of the SPE peak and
the minimum in the valley between the pedestal and the SPE peak were in the range of 2.5 ≤ P/V ≤ 5.5.
Those PMTs with P/V value less than 2.5 would be rejected. Fig. 6.18 shows the results for all the tested
PMTs.
74
(a) (b)
Figure 6.16: Distribution of the determined high voltage for the PMTs for a gain of 107. Left: for the
oil-proof PMTs. Right: for the water-proof PMTs
(a) (b)
Figure 6.17: Measured HV0 values of the PMTs versus the high voltage provided by Hamamatsu for a gain
of 107. Left: for the oil-proof PMTs. Right: for the water-proof PMTs
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Figure 6.18: Distributions of the peak-to-valley ratio for the oil-proof (blue) and water-proof (black) PMTs.
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For low range of the ADC, one photo-electron (p.e.) corresponded to 64 channels (the ADC has a
resolution of 0.025 pC/channel) if the signal was not split. The number of channel for SPE was calculated as
following: 64× 0.53 = 34, where 0.53 is the fraction of the current measured at the point before splitting to
the total current coming out of the PMT anode. After splitting the signal into three branches and amplifying
by a factor of 10, we got 34× 1/3× 10 = 113. Therefore, the theoretical number of ADC channel for a SPE
peak from the pedestal should be 113. The measurement result was 110.9 which is close to 113.
6.6.4 Linearity
The expected light level of reactor antineutrino events in the Daya Bay experiment is typically in the range
of a few photo-electrons per PMT. Signals induced by cosmic muons, for example, may exceed the SPE
region. It is thus important to understand how the PMTs behave as the level of incident light increases.
We measured the nonlinearity of the PMTs as a function of the number of photo-electrons instead of the
peak current. Two pulses, externally triggered by the BNC 575 pulse generator, were used to drive each of
the two LEDs in succession and then to drive the two LEDs together. The brightness of each LED could be
tuned to make the intensity of light pulse generated by the two LEDs different. Therefore, at a high voltage
with gain 107, the PMT could see a sequence of light pulse:
• a light pulse (A) from LED
• a brighter light pulse (B) from the other LED
• then an even brighter light pulse (C) from the two LEDs simultaneously
• pedestal
The PMT signals were fed into another QADC with a resolution of 0.025 pC/channel.
If the PMT is perfectly linear, then we should obtain:
C = A+B (6.5)
We defined the deviation from linearity at light pulse C (assume A and B are in the linear region) as:
nonlinearity =
C − (A+B)
A+B
(6.6)
The measurement results are demonstrated in Fig. 6.19. Eight data points were taken and at each point,
there are 60,000 events. The number of photo-electron on the bottom right plot was obtained from the
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unit of the ADC scale. By measuring the number of ADC channels at the peak position after pedestal
subtraction, we can get the number of photo-electron by dividing it with the theoretical value of number
of ADC channel for a SPE in the operating range of the ADC. Our measurement shows that the PMTs
exhibited linear behavior (non-linearity less than 2%) up to ∼ 400 photo-electrons, as shown in Fig. 6.20(a)
and Fig. 6.20(b) for the oil-proof and water-proof PMTs respectively.All PMTs passed the test according to
the selection criteria for non-linearity in Table 6.2.
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Figure 6.19: Nonlinearity of PMT against number of photo-electrons detected at 8 different settings of LED
pulses. The three pulses from LED were fitted using ROOT and the ADC channels for peak positions were
measured. Non-linearity was then calculated at these 8 points.
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(a) (b)
Figure 6.20: Distribution of the number of photo-electrons at which the PMTs have non-linearity less than
2%. Left: for the oil-proof PMTs. Right: for the water-proof PMTs.
6.6.5 Dark Rate
Even in complete darkness, the PMTs could still record events caused by thermal emission of electrons from
the photocathode. Most of these events are in the SPE region. It is undesirable to have PMTs with high
dark rates in our ADs since they would increase the accidental coincidence rate. In this measurement, signals
from the 16 PMTs inside the dark box were fed into the multiplexer where one of the channels could be
selected. The selected channel was connected to the discriminator and then to the scaler at which the dark
rate was measured. Fig. 6.21 shows the measured dark rate at three fixed thresholds as a function of the high
voltage. The typical thresholds were 4 mV, 5 mV, and 6 mV. The high voltage was varied from V0 - 250 V
to V0 + 250 V in a 50 V step. Fig. 6.22 shows the measured dark rate versus time in which one point per
hour was taken after the high voltage was on and 20 points taken by the LabView program automatically.
The goal of this measurement was to make sure the PMTs have a dark rate less than 10 kHz when the
threshold was set at 1/4 p.e. The distribution of the measured dark rates of the oil-proof and water-proof
PMTs are shown in Fig. 6.23. No PMTs was found to fail this test. Our measured dark rates were lower
than the values provided by Hamamatsu. It is likely due to the fact that we performed this measurement
after three days of burn-in.
6.6.6 Pre-pulse and After-pulse
Pre-pulse is mainly due to those photons which do not produce an electron on the photo-cathode but on
the first dynode. Positive ions which are generated by the ionization of residual gases in the PMT can
cause after-pulses with a long delay. These positive ions could return to the photocathode and produce
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Figure 6.23: Distribution of the measured dark rates of the oil-proof (blue) and the water-proof (black)
PMTs when the threshold of the discriminator was set at 1/4 p.e. level.
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many photoelectrons which result in after-pulses. The measurements were done directly on the LeCroy
waveRunner 44Xi digital oscilloscope which was programmed with specific settings as follow:
Pre-pulse Two 80 ns gates were set up for measuring the number of pulses above 3.6 mV before and during
the main pulse, as shown in Fig. 6.24. The main pulse was kept at about 50 mV.
After-pulse We measured the number of pulses above 3.6 mV in the time window 20 µ sec after the main
pulse. The main pulse was kept at about 3 p.e. level, thus the efficiency of the main pulse would be
at about 95%. Fig. 6.25 shows the screen capture from scope with the pulse and gate.
Figure 6.24: Screen capture from scope showing the pre-pulse measurement. Blue line is the raw PMT
signal. Yellow line is the gate for measuring number of pulses before the main pulse.
It was found that the number of pre-pulse was very small comparing to the number of the main pulse
(< 0.5%). Fig. 6.26(a) and Fig. 6.26(b) show the after-pulse ratios (number of after-pulse divided by number
of main pulse) for the oil-proof and the water-proof PMTs respectively. A minority of PMTs were found to
have after-pulse ratio > 5%, but still in reasonable range (< 10%).
6.6.7 Rise and Fall Time
The rise time is defined as the time for the output pulse to increase from 10 to 90% of the peak pulse height.
Conversely, the fall time is defined as the time required to decrease from 90 to 10% of the peak pulse height.
We also used the digital oscilloscope to get the average value of rise and fall times. All of the PMTs passed
this measurement.
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(a) (b)
Figure 6.25: Screen captures from scope, Fig (a) shows the after-pulse with gate, and Fig. (b) shows the
gate setting.
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Figure 6.26: Distribution of the after-pulse ratio of the PMTs. Left: for the oil-proof PMTs. The blue line is
the original distribution used in simulation and the red line is a Gaussian function used to fit the measured
data and implemented in simulation. Right: for the water-proof PMTs.
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6.6.8 Photon Detection Efficiency
Quantum efficiency (QE) is defined to be the ratio of the number of created photo-electrons and the number
of incident photons hitting the photocathode of PMTs. Collection efficiency (CE) determines the number
of photo-electrons reaching the first dynode from the photocathode. It was not possible to measure either
QE or CE with the setup at DGUT. From an experimental point of view, only the overall photon detection
efficiency  = QE × CE is of interest. This quantity was not used as selection criteria but was measured to
provide as an input to simulation. Hamamatsu provided a few calibrated PMTs with known .
Since the light source was not perfectly stable in time, one of the fixed reference PMTs stayed in the
same slot in the dark box during all the measurements. The difference across the 16 slots in the dark box
was studied periodically by measuring SPE spectra with the reference PMT sitting at each of the 16 slots.
The LED was tuned to a very weak level such that over 90% of events would give the pedestal. The
count rates of the single photo-electron were then compared with the reference PMT. Fig. 6.27 shows the
distribution of the measured relative photon detection efficiency of the oil-proof and water-proof PMTs.
Following the informations given by the manufacturer, the collection efficiency is 0.9 and the quantum
efficiency is about 0.25 in the region of interest at a wavelength of 420 nm.
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Figure 6.27: Distribution of the photon detection efficiency of the oil-proof (blue) and the water-proof (black)
PMTs.
6.7 Summary of the PMT Testing
For the Daya Bay experiment, 1625 oil-proof and 625 water-proof PMTs were tested regarding the gain as
a function of high voltage, SPE response, linearity, dark rate, pre-pulsing, after-pulsing, signal rise time and
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fall time. 1557 oil-proof and 612 water-proof PMTs passed the tests and were available to be installed in
the ADs. The rest of them mostly showed unacceptable linearity or peak-to-valley ratio.
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Chapter 7
Calibration of the Antineutrino
Detectors and Event Reconstruction
The detection of antineutrinos coming from the reactors relies on the prompt and delayed signal of the inverse
beta decay which occurs inside the ADs. Both the prompt and the delayed signals induce scintillation light
observed by the PMTs mounted on the wall of the ADs. The PMT signals would then be digitized by ADC
and TDC for trigger decision. As illustrated in Fig. 7.1, the calibration of the ADs thus involves:
• the conversion of raw ADC and TDC counts back to number of photoelectrons created at the PMTs
and time of the events,
• the conversion of the photoelectrons to energy.
In this chapter, details of the calibration will be presented.
Figure 7.1: A flowchart showing the steps involved in the detector calibration in order to convert the raw
signals to energy.
7.1 PMT Gain
The purpose of PMT gain calibration is to find out the number of ADC channels registered per one photo-
electron created at the PMTs. The LED from the central Automated Calibration Unit (ACU) is deployed
at the detector center once every week. The intensity of the LED is tuned in a way that the average PMTs
would record only ∼ 10% of the total number of triggers (occupancy ' 0.1) to ensure SPE spectra are
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observed. Fig. 7.2 shows a heat map of the PMT occupancy of AD1 in one of the low intensity LED runs.
The PMTs on the cylindrical wall of the AD are unfolded to a two-dimensional sheet with x-axis being
the column number and y-axis being the ring number of the PMTs. To reduce the statistical uncertainty
(< 0.5%), each LED data-taking run would last for ten minutes. Fig. 7.3 shows a typical TDC spectrum
Figure 7.2: A heat map of the occupancy, defined as the number of triggers from a PMT divided by the
total number of events from the LED, of 192 PMTs at AD1 in a LED calibration run.
obtained in a LED calibration run. Additional cuts are used to select events triggered by the LED:
1. PMT first hit has a TDC value within [950,1050] as illustrated in Fig. 7.3,
2. the peak cycle, obtained from the ADC peak finding algorithm, appears between the third and the
eighth cycle,
3. remove the 40 MHz electronic noise.
An example of the measured PMT pulse height spectrum is shown in Fig. 7.4 with the x-axis representing
the ADC channel. A quantity called preADC, which is the average of four ADC values before the current
trigger, is used as an approximation to the pedestal and has been subtracted from the pulse height spectrum.
The goal is to deconvolute the spectrum, which may contain contribution from multiple photoelectrons, to
extract the mean number of ADC channel for the SPE peak. By dividing the operation of a PMT into two
independent processes: photo-conversion and electron collection, and amplification, as suggested in [26], one
can model the PMT response and extract the calibration parameters such as gain.
Photoelectrons (p.e.) are created on the photocathode of the PMT by incident photons via photoelectric
effect. The number of photons hitting the photocathode is a Poisson distributed variable. The conversion
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Figure 7.3: Distribution of TDC values of a PMT in a LED calibration run.
Figure 7.4: A typical PMT pulse height spectrum from a low intensity LED calibration run. Black: preADC
subtracted data. Blue: A fit of a convolution of the distribution of Poisson and Gaussian to model the PMT
response. Q1 and σ1 represents the mean number and the standard deviation of ADC channel distribution
for the SPE peak. µ is the mean number of photoelectrons collected by the first dynode of the PMT.
86
of the photons to p.e. and the subsequent collection by the first dynode is a random binary process. The
distribution of the number of p.e. can thus be expressed by the Poisson distribution:
P (n;µ) =
µne−µ
n!
, (7.1)
where P (n;µ) is the probability that n photoelectrons will be observed when their mean is µ, defined as
µ = mq, (7.2)
m is the mean number of photons hitting the photocathode, and q the photon detection efficiency given by
the product of the quantum efficiency of the photocathode and the collection efficiency of the first dynode.
The number of p.e. would be multiplied many times when they go through the PMT dynode system. If
the process is initiated by n photoelectrons at the first dynode, the charge distribution at the PMT output
can be modeled as:
Gn(x) =
1
σ1
√
2pin
exp
(
− (x− nQ1)
2
2nσ21
)
, (7.3)
where x is the ADC value, Q1 and σ1 are the average ADC value at the PMT output and the corresponding
standard deviation of the ADC distribution when only one photoelectron is emitted by the first dynode
respectively.
For simplicity, one can assume that there is no noise in the PMT pulse-height spectrum and the overall
response function is simply a convolution of the distributions 7.1 and 7.3:
S(x) = P (n;µ)⊗Gn(x)
=
∞∑
n=0
µne−µ
n!
1
σ1
√
2pin
exp
(
− (x− nQ1)
2
2nσ21
)
. (7.4)
This function is used to fit the measure PMT pulse height spectrum as shown in Fig. 7.4 with Q1, σ1, and
µ as the fitting parameters. The distributions of Q1 for all six ADs are shown in Fig. 7.5. The ratios of the
standard deviation and the mean are roughly 8% and there are some small differences in the mean value
across the ADs which might be due to the fact that the gain of the PMTs have drifted from the one measured
at DGUT.
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Figure 7.5: Distributions of the mean number of ADC channel for SPE peak, Q1, for all 6 ADs.
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7.1.1 High Voltage Tuning
One could try to reduce this variation of gain by adjusting the high voltage of the PMTs. In Section 6.6.2,
we described how the gain would vary with the supply high voltage for every PMT. Fig. 6.15 illustrates an
example of the gain curve. With these information, for every PMT, one can calculate a new high voltage
value from the original gain and high voltage. However, the gain curve does not have infinite precision such
that the set of new high voltage values would still have some variation in the PMT gain. Nevertheless, one
can iterate the process:
1. Calculate the new HV values based on the data obtained from the low intensity LED run;
2. Take data from another low intensity LED run with the new HV supplied to the PMTs;
3. Repeat steps 1-2 until satisfied.
Fig. 7.6 shows the variation of the PMT gain decreased with the number of iterations. After one iteration,
the variation was reduced by half already. After four iterations, the variation approached the asymptotic
value. Fig. 7.7 shows the distribution of the PMT gain after four iterations. The variation was 1.7%, down
from ∼ 8%. Due to the time constraint, the high voltages of the PMTs are not tuned during the physics
Figure 7.6: The variation in the total response
(PMT + electronics) vs. the number of iteration.
Figure 7.7: Distribution of the mean number of
ADC channel for SPE peak after four HV tuning
iterations.
data taking, except a few outliners which showed abnormal response.
7.1.2 Stability
The LED calibration is performed weekly to all the ADs. We obtain a calibration constant, ADC per p.e.,
weekly for each AD and record in the oﬄine database. The history of the calibration constants is shown
in Fig. 7.8. The relative variation for each AD, by comparing with their corresponding first data points, is
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∼ 1% and can be corrected for during the oﬄine analysis. It should be noted that the variations in each
experimental hall track each other very closely which strongly suggests that the gain drifts are caused by
some environmental effects such as temperature.
Figure 7.8: ADC per p.e. vs time from weekly LED calibration runs for all 6 ADs. The relative variation is
calculated by comparing with the corresponding first data point of each AD.
7.2 Energy Scale
The energy scale calibration accounts for differences in the energy response between the detectors. The
differences could be originated from different reflectors, different geometry, dead PMTs, . . . etc. It also serves
to normalize all events to a common energy scale by converting the number of photoelectrons observed to
visible energy. We define Evis as the visible energy detected in the ADs:
Evis =
Qtotal
C
, (7.5)
where Qtotal is the sum of charges observed by all the PMTs in an AD and C is the energy calibration
constant determined by the 60Co source at the detector center.
7.2.1 60Co
60Co is deployed at the detector center weekly to obtain the energy calibration constant. This source can
provide high statistics and there is small systematic uncertainty in determining the energy peak location.
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60Co decays by beta decay to the stable isotope nickel-60. The excited nickel nucleus emits two gamma rays
with energies of 1.17 and 1.33 MeV. To reduce the background contribution to the calibration, the energy
spectrum without the 60Co source is subtracted from the one with the source. Fig. 7.9 shows the background
subtracted energy spectrum of the 60Co at the detector center. The task is to find out the mean number of
observed photoelectrons by the detector corresponding to 1 MeV of energy. One could use a simple Gaussian
to obtain the mean energy of the peak but the result would be dependent on the fitting range. In order to
account for the asymmetry of the energy peak, a Gaussian and a Crystal Ball function, defined as:
u(x) = N ×

exp(− (x−x¯)22σ2 ) if x−x¯σ > −α,
A(B − x−x¯σ )−n if x−x¯σ ≤ −α,
(7.6)
where A =
(
n
|α|
)n
exp
(
− |α|
2
2
)
,
B =
n
|α| − n,
is used to fit the 2.5 MeV peak and another Gaussian is used to fit the lower energy peak. α, n, x¯, and σ are
the fitting parameters in which x¯ is the mean value of the peak from the sum of two gamma rays that we are
interested in. By aligning this peak at 2.506 MeV, one can then deduce the number of p.e. corresponding
to 1 MeV of energy, i.e., C in equation 7.5.
Figure 7.9: Background subtracted energy spectrum (black) of the 60Co at the detector center with a
Gaussian + Crystal Ball function fitting (blue).
Fig. 7.10 shows the energy calibration constants C changing with time for all the six ADs and their
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relative variations. One can conclude that the constants are stable to within ∼ 1% except during the period
of detector testing. The absolute scales are different across the detectors which can, again, be attributed to
the fact that every AD has its own electronics. In order to facilitate the analysis effort, these calibration
constants are uploaded to a database and ready to be used for data production within a week after the data
taking.
Figure 7.10: A history plot showing how the values of the energy calibration constants C changed with time
for all six ADs and their relative variations.
7.2.2 Spallation Neutrons
While cosmic ray muons can produce various backgrounds to any neutrino detection experiments, they also
produce spallation neutrons which can serve as a useful tool for setting the overall energy scale and studying
the detector uniformity. The spallation neutrons are expected to be thermalized and then captured on
Hydrogen or Gadolinium in our ADs. An energy of 2.22 MeV from neutron captured on Hydrogen (n-H) or
a total energy of 8.05 MeV from neutron captured on Gadolinium (n-Gd) would come from gamma emission.
This characteristic feature allows one to establish the overall energy scale of the ADs. The spallation neutrons
would be absorbed uniformly throughout the ADs such that the spatial response of the detectors can be
studied. Regular monitoring of the full detector response can provide detailed information of the stability,
complementary to calibration point sources such as AmC.
To select spallation neutrons, the following criteria are applied:
1. PMTs with spontaneous light emission (flasher), based on charge distribution pattern, are rejected;
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2. The event must occur within 200 µs of a muon-like event in the water pool(WP) and AD. An AD
muon is defined as any trigger with energy greater than 20 MeV. A WP muon is defined as any trigger
with greater than 12 combined PMT hits in the inner and outer pools.
3. The event must occur greater than 10 µs after an AD muon to avoid electronic effects following energetic
events that cause non-physical triggers and bias a trigger’s measured energy.
After these cuts, the high-energy Gd-capture peak is easily distinguishable, as shown in Fig. 7.11 and
Fig. 7.12. Triggers in the period between 500 and 1000µs 1 after an AD muon are statistically subtracted
to remove background events and obtain a clean hydrogen-capture peak. Using this method, over 9,000
Gd-captures and H-captures are detected daily, allowing for precise monitoring of detector response during
normal physics data taking.
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Similar to the 60Co case, by aligning the n-Gd capture peak to 8.05 MeV, which is the true mean energy,
one can obtain the calibration constants C for all the ADs. Fig. 7.13 shows the variation of the calibration
constants obtained using spallation neutrons with time. There is some correlation for the detectors in the
same experiment hall. It is unclear what causes the above-mentioned correlation, although the drifts in gain,
which are presumably due to environmental effects at the experimental hall, are strongly suspected.
The calibration constants C obtained from spallation neutrons are slightly different (∼ 3%) from the
one obtained from 60Co. The energy observed for spallation neutrons should be vertex dependent and the
calibration would be different from a point source. Both sets of calibration constants are available for data
analysis. In this thesis, only the constants from 60Co are used.
1For the official production data, triggers in the period [200,400]µs are used for background subtraction.
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Figure 7.13: A history plot of the energy calibration constants obtained from spallation neutrons for all six
ADs.
7.3 Vertex Reconstruction
Though vertex cuts are not used in the final antineutrino selection, the vertex information is used in other
studies such as detector uniformity and background rejection. The current vertex reconstruction is based on
center-of-charge (COC), defined as the charge-weighted-mean of the coordinates of all PMTs:
~xCOC =
∑192
i=1 qi~xi∑192
i=1 ~xi
, (7.7)
where qi is the charge measured by the i−th PMT located at ~xi. The mapping from the COC to the
reconstructed vertex is done by analytical corrections, assuming azimuthal symmetry:
r = c1RCOC − c2R2COC, (7.8)
z = (ZCOC − c3Z3COC)× (c4 − c5RCOC), (7.9)
where c1− c5 are some constants, RCOC and ZCOC are the radial and z COC coordinates respectively. Since
the true locations of the 60Co source are known, we can deduce the values of the coefficients by calibrating
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the COC. The values of the coefficients are found to be:
c1 = 1.82 mm
−1,
c2 = 1.95× 10−4 mm−2,
c3 = 1.579× 10−7 mm−2,
c4 = 3.128 mm
−1,
c5 = 9.64× 10−4 mm−2.
7.4 Energy Non-uniformity Correction
We obtained the energy calibration constants using 60Co source at the detector center. The energy response
of the ADs would depend on the location of the events, mostly due to geometry effects. The same 60Co
events at positions other than the detector center would have energy peak 6= 2.506 MeV. With the help of
the 3 ACUs at three different radial distances, one can study the energy response along their corresponding
z-axes and deduce an analytical function to correct for the position dependence. Fig. 7.14 shows the energy
response of the 60Co source along the central z-axis using the ACU-A. A z-position of -150 cm corresponds
to the bottom of the 3-m acrylic vessel while +150 cm is the top. In a perfect detector with reflectors at
the top and bottom, one would expect that the response is symmetrical along the z-axis. The apparent
decrease in the energy response at the top and bottom is due to light absorption in the reinforcing ribs of
the acrylic vessels and non-ideal reflectivity of the reflectors. The asymmetry in z-direction is introduced
by the reflector locations and well reproduced in Monte Carlo simulation.The same non-uniformity is also
verified by 68Ge source and spallation neutrons.
The energy response for the other two ACUs exhibit similar features as the central ACU but with more
visible energy, as shown in Fig. 7.15. It is due to the geometric effect caused by an increase in average
acceptance as the source approaches the PMTs. To understand the differences between the first pair of ADs
quantitatively, we define the asymmetry between the fitted energy peaks (µ) as:
Asymmetry =
µAD1 − µAD2
(µAD1 + µAD2)/2
(7.10)
The Asymmetry values lie within a band with a width of 0.3%, 0.4%, and 2% for ACU-A, ACU-B, and
ACU-C respectively. The z-scan along the ACU-C axis suffers more from detector edge effects such as
acrylic properties and PMT-to-PMT efficiency variations.
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Figure 7.14: The AD energy response as a function of z along the central axis for Monte Carlo data, spallation
neutron data, and ACU-A sources.
Figure 7.15: Visible energy in z with respect to the detector center for 60Co sources from each ACU is shown
at top. The corresponding Asymmetry parameter is shown for ACU-A (Asy. A), ACU-B (Asy. B) and
ACU-C (Asy. C) in the bottom panels.
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The non-uniformity can be reduced by a vertex-dependent correction. Define Erec as the reconstructed
energy which is an estimation of the real energy deposited in the ADs by different particles. The task is
to find a relationship to convert the raw visible energy Evis, which depends on the event vertex, to the
reconstructed energy Erec which has almost no dependence on the event vertex:
Erec =
Evis
f(r, z)
=
Qtotal
C × f(r, z) , (7.11)
where f(r, z) is an energy correction function of reconstructed vertex (r, z) assuming azimuthal symmetry.
One can assume the energy correction function having this form:
f(r, z) = (1 + crr
2)× (cz0 + cz1z + cz2z2 + cz3z3), (7.12)
where the c’s are some constants which can be determined by fitting the 60Co calibration data 2 at different
locations along the ACU-A, ACU-B, and ACU-C axes. The results from fitting are:
cr = 3.3762× 10−8 mm−2,
cz0 = 1.0005,
cz1 = −1.002× 10−5 mm−1,
cz2 = −1.894× 10−8 mm−2,
cz3 = −1.758× 10−13 mm−3.
Fig. 7.16 shows the shape of the energy correction function. The red lines represent the 60Co calibration
data at the three ACU’s axes. After this correction, the energy peak from 60Co at all positions should
have the energy reconstructed at 2.506 MeV. The results are shown in Fig. 7.17, with the non-uniformity
of reconstructed energy minimized. All data points for each ACU in both AD1 and AD2 now lie within a
band from 0.98 to 1.02, relative to the cobalt energy response at the detector center.
7.5 Energy Non-linearity Correction
The reconstructed energy Erec in Eq. 7.11 assumes a linear relationship with the observed total charge. In
reality, the detector response is not linear in energy and depends on particle species. If we define Ereal as
the real energy deposited in the ADs by the particles, essentially we have set Erec/Ereal = 1 for the gammas
2 The values of the constants come from an average of AD1 and AD2.
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Figure 7.16: Red: Calibration data from 60Co source along the three ACU’s axes. Blue: The energy
correction function used to remove the detector non-uniformity.
Figure 7.17: Reconstructed energy in z with respect to the detector center for 60Co sources from each ACU,
after the vertex-dependent correction.
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from 60Co calibration. In terms of antineutrino selection, the delayed energy cut for neutron capture on Gd
has the largest uncertainty. We have the freedom to further correct the reconstructed energy to agree with
the real energy from neutron capture on Gd. Define Enrec as the non-linearity corrected energy using the
neutron capture on Gd:
Enrec = αErec =
αQtotal
C × f(r, z) , (7.13)
where α is the correction factor to be determined by a neutron source.
241Am-13C source is deployed weekly to the detector center to understand the response of neutron capture.
Fig. 7.18 shows the visible energy spectra of the neutron from the AmC source captured on Gd. The energy
peaks are fitted using two Crystal Ball functions defined before to obtain the mean energy of the peaks from
neutron capture on 155Gd and 157Gd. The average energy of the neutron capture on Gd from all six ADs
is 8.15 MeV and the corresponding real energy is known to be 8.05 MeV. Thus, α in Eq. 7.13 is set to be
8.05/8.15 = 0.988 so that Enrec would have a value of 8.05 MeV for neutron capture on Gd events.
The effects of non-linearity in energy are similar between the ADs. By comparing the energy response
of the calibration sources in different ADs, one can deduce a quantitative difference between the detectors.
For example, Fig. 7.19 shows the asymmetry of the energy non-linearity between AD1 and AD2. Three
radioactive sources from the ACUs, 60Co, 68Ge, and Am-C are deployed at the AD center. Other events,
α-particles from decays of residual contamination of 238U and 232Th, neutrons from muon spallation and
inverse beta decay are also included in the plot. It can be concluded that the asymmetry is less than 0.5%
between AD1 and AD2.
99
Figure 7.18: Energy spectra of neutron capture on Gd from AmC source in the six ADs. Black: data. Red:
Double Crystal Ball functions to fit the energy peaks.
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Figure 7.19: Asymmetry of the energy non-linearity between AD1 and AD2.
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Chapter 8
Antineutrino Selection
The trigger rates in the ADs are on the order of 200 Hz but less than 0.01 Hz are from inverse beta decay
interactions. This chapter outlines the method of selecting the antineutrinos coming from the reactors.
The first section describes the properties of the signal expected in Daya Bay. A description of expected
backgrounds will follow. The cuts for selecting the antineutrino candidates will then be described. Finally,
the methodology and results of the background estimation will be presented.
8.1 Reactor Antineutrino Signal
In Section 4.3, we discussed how an antineutrino can be detected with liquid scintillator and PMTs through
the inverse beta decay (IBD). An antineutrino reacts with a proton, which is abundant in the liquid scintilla-
tor, to produce a positron and a neutron. The positron slows down and then annihilates with a surrounding
electron almost spontaneously to produce two 0.511 MeV gamma rays and serves as a prompt signal. The
energy of the incident antineutrino Eν¯e can be deduced from the energy of this prompt signal Eprompt (kinetic
energy of the positron plus 1.022 MeV from the two gamma rays):
Eprompt = Eν¯e − 0.78 MeV (8.1)
The neutron is thermalized by the surrounding molecules on the order of a few microseconds and then get
captured by hydrogen (n-H) or Gd (n-Gd) with different probabilities. In un-doped liquid scintillator, n-H
captures would occur on the order of 200µs with capture cross section ∼ 0.3 barns. After doping the liquid
scintillator with 0.1% Gd, which has a thermal neutron capture cross section of ∼ 50, 000 barns, the neutron
would be captured with a time constant ∼ 30µs along with the emission of multiple gamma rays with a total
energy ∼ 8 MeV. It is also expected that the antineutrino flux would be uniform within the target volume
and so would the prompt and delayed signals from inverse beta decay interactions.
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8.2 Background
The backgrounds to the inverse beta decay interaction can be classified into two categories: uncorrelated and
correlated. The uncorrelated backgrounds are produced by accidental coincidence of two independent signals
which may come from natural radioactivity as the prompt signal and muon-induced neutron as the delayed
signal. By requiring a coincidence time window between the prompt and delayed signals, the uncorrelated
signals can be greatly reduced. The correlated backgrounds come from interactions other than inverse beta
decay and produce also a prompt and a delayed signal. The major contributions are expected to come from
fast neutrons, 9Li decay.
8.2.1 Accidental Coincidence
One unexpected feature of the PMTs is their spontaneous light emission. It is suspected that some of the
capacitors inside the base circuits of the PMTs undergo discharging. Photons are produced in the process
and escape into the target volume. The PMTs on the opposite side of the detector observe these photons and
create a trigger. Fig. 8.1 shows an example of these “flashing” events. The PMT which emits light would
Figure 8.1: A heat map showing the relative charge measured by the PMTs in AD1 of a typical “flashing”
event.
record the largest amount of charge. The PMTs nearby and on the opposite side of the detector would also
observe the light. This geometric characteristic allows one to reject this kind of background rather easily
and thus reduce the accidental rate from these “flashing” events.
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After rejecting the “flashing” events discussed above, any events depositing energy larger than the trigger
threshold can contribute to the accidental coincidence rate. The singles rate and spectrum characterizes the
uncorrelated signals. Fig. 8.2 shows the normalized singles spectra taken by AD1 and AD2 for ∼3 months.
It is evident that the singles rate is highest at the low energy region and declines rapidly at higher energies.
In the energy range of [1, 10] MeV, three peaks appear in the singles spectra. The first peak at 1.5 MeV
Figure 8.2: Top: Singles spectra taken by AD1 and AD2. Bottom: Level of asymmetry between AD1 and
AD2 defined by 2(AD1-AD2)/(AD1+AD2).
comes from the decay of 40K which is present in the glass of PMTs. The second peak at 2.6 MeV comes from
the decay of 208Tl which is generated from the thorium decay series occurring in the detector materials. The
third one at 8 MeV is what we expected for neutron captured on Gd. The neutrons are mostly produced
by cosmic ray muons and AmC calibration source. Beyond this range which the expected energy of reactor
antineutrinos lies within, there are still many events triggered mostly by cosmic ray muons. By rejecting
prompt-delayed pairs with too low and too high energies, long coincidence time, and correlation with incident
muons, background contribution from random coincidence can be reduced.
104
8.2.2 Muon Spallation
9Li/8He Correlated Background
Energetic cosmic ray muons can bombard carbon atoms which are abundant in the liquid scintillator and
produce long-lived radioactive isotopes. 9Li is particularly problematic to the detection of antineutrinos since
it can decay to 9Be through beta decay which mimics the prompt signal. The excited 9Be would further
decay and emit two α-particles and a neutron. The neutron would mimic the delayed signal. The half-life of
9Li is 178.3 ms with Q-value equal to 13.6 MeV. 8He would produce a similar correlated background. But
for non-showering muons, the contribution from 8He was found to be much less than 9Li [4]. One can reduce
the contribution from 9Li/8He by rejecting all triggers for 1 second after an energetic muon passes through
the detector system.
Fast Neutrons
Energetic neutrons can also be liberated by cosmic ray muons passing inside or outside the detector system.
The neutrons would induce proton recoils and then eventually be captured by Gd in the target volume,
thus mimicking the antineutrino signals. Similar to the 9Li case, these fast neutrons can be suppressed by
applying a muon veto, using the information provided by the muon tagging system. For the neutrons created
outside the detector system, the water and the mineral oil can help to attenuate them.
8.3 Selecting Antineutrino Candidates
Given the knowledge regarding the antineutrino signals and the corresponding backgrounds, the signal
selection criteria will be discussed in the following subsections. The current data set is taken from 24
December 2011 to 17 February 2012 with DAQ live time ' 50 days. Triggers were formed from the number
of PMTs with signals above a ∼0.25 photoelectron threshold (NHIT) or the charge-sum of the over-threshold
PMTs (ESUM). To trigger an AD, the condition of NHIT > 45 PMTs or ESUM > 0.4 MeV was used. For
the water pools, the NHIT thresholds were > 6 and > 7 PMTs for both the inner and outer ones.
8.3.1 Data Reduction
6 ADs produce ∼ 300 Gigabytes of data per day. Most of the data are not from inverse beta decays. The
first level of event selection groups triggers which are separated within 400 µs to form a multiplet of events.
Isolated events without triggers within 400 µs are highly unlikely to come from antineutrinos since the
trigger inefficiency of the ADs at 0.6 MeV (3 standard deviations away from the positron energy threshold)
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is negligible, as shown in Fig. 8.3.1. Trigger efficiencies as a function of visible energy at the edge of the AD
target volume (r = 120 cm, z = 140 cm) are plotted. Positrons from a 68Ge source and weak LED light were
used as a proxy for IBD prompt events.
(a) (b)
Figure 8.3: Trigger efficiency vs. energy. (a) NHIT and (b) ESUM. Triangles represent efficiency measure-
ments from 68Ge source data, circles results from LED scans. The colored lines show best fits based on
error functions. The energy-equivalents of the trigger thresholds, derived from the fits, were measured to be
Eth ∼ 0.37 MeV for both trigger modes. The black lines indicate minimum reconstructed energies of IBD
positrons without correction for non-linear response: A positron annihilation at this location is reconstructed
at a mean energy of Eνmin ∼ 0.9 MeV with an energy resolution σE ∼ 0.1 MeV. The minimum visible energy
of IBD positrons is therefore ∼0.6 MeV. At these energies, the trigger efficiency is still  = 1+0−0.002 throughout
the scintillating volume, thus ensuring negligible signal inefficiency.
8.3.2 Spontaneous Light Emission (“Flasher” Cut)
Based on the spatial charge pattern the “flashing” events have, a lot of efforts have been made to find some
discriminators to separate these “flashing” events from real physics events. One of the discriminators used
in Daya Bay is called ”Ellipse”. In Fig. 8.1, one can divide the 24 columns into quadrants, for example,
by grouping Column 1-6 (4th), 7-12 (3rd), 13-18 (2nd), and 19-24 (1st) with the corresponding quadrant
number in the brackets. Also define Qi as the total charge measured by the PMTs in quadrant i. For a
given trigger, a quantity called Quadrant can then be calculated as:
Quadrant =
Q3
Q2 +Q4
. (8.2)
Quadrant measures the non-uniformity of the charge distribution. An event triggered by a “flashing” PMT
is likely to have a high Quadrant value. Suppose the same event is found to have a total charge sumQ and
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one of the PMTs observed the largest amount of charge Q. Another quantity, called MaxQ is defined as:
MaxQ =
Q
sumQ
(8.3)
Among all the PMTs, a “flashing” PMT is likely to observe the largest amount of charge and thus it will
contribute to a high MaxQ value. Together with the Quadrant variable, the discriminator ”Ellipse”, defined
as:
FID = log10
(
(
MaxQ
0.45
)2 +Quadrant2
)
< 0, (8.4)
where FID is the value of the discriminator, is found to reject the “flashing” events efficiently. Fig. 8.4
shows the distributions of FID for all six ADs. As we discussed, an event triggered by some “flashing”
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Figure 8.4: Distributions of the “flashing” events discriminator for all six ADs. A positive value suggests
the event is triggered by spontaneous light emission from some PMTs. A negative event suggests it is from
a real physics event.
PMTs is likely to have high Quadrant and MaxQ values. The value of FID for such event would most
likely be positive while for real physics events, which produce relatively uniform charge distribution among
the PMTs, would have a negative FID.
The spontaneous light emission from PMTs is found to contribute ∼ 5% to the total number of triggers
before the discriminator ”Ellipse”. In terms of real antineutrinos from the reactors, Monte Carlo studies
indicate that the inefficiency due to this “flashing” event rejection would be less than < 0.001%, as shown in
FIg. 8.5. The amount of the “flashing” events which satisfied all the event selection criteria will be included
in our accidental background estimation.
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Figure 8.5: Quadrant vs. MaxQ for both the prompt and delayed signals of antineutrinos from Monte
Carlo. Only 2 events out of 206132 failed to pass the discriminator ”Ellipse”.
8.3.3 Muon Veto
From calibration data such as spallation neutrons, the processes of neutron capture on H and Gd have time
constants ∼ 200µs and ∼ 30µs respectively, as shown in Fig. 8.3.3. To reduce the contribution from cosmic
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Figure 8.6: Time spectra of spallation neutron capture for (a) n-Gd, (b) n-H. Blue: real data. Black:
Exponential function plus constant background.
ray muon-induced neutrons, events with trigger time within 600µs relative to the trigger time of a water
pool tagged muon tµWS are rejected. This time window is long enough such that the induced neutrons would
be captured.
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If a muon gets into the AD, it will deposit a large amount of energy and also liberate many neutrons
and will distort the electronics. Any triggers depositing energy > 20 MeV is considered to be an AD tagged
muon event. Events with trigger time within 1000 µs following such AD tagged muon event at time tµAD
are rejected to ensure that the electronics baseline can be restored.
In the case of highly energetic muons (showering muons), assuming to be the triggers depositing energy
> 2.5 GeV in the ADs, long-lived radioactive isotopes such as 9Li and 8He could be produced. They have
decay half-lives on the order of 0.1 ms. Events which come within 1 s relative to a showering muon at
time tµshare discarded to reduce the contribution from these β-neutron decay isotopes. The prompt and
delayed signals from the β-neutron decay have time correlation with the previous incoming muon, as shown
in Fig. 8.7 as an example. The fast exponential decaying part is due to 9Li decays and the relatively flat
component is from real antineutrino interactions which have no time correlation with muons.
Figure 8.7: An example of the time distribution of coincidence pairs, which satisfy all the final antineutrino
selection cuts, relative to the last incoming muon. A showering muon cut at 1 s (the vertical red line) is
used to reject the β-neutron decay from 9Li.
Fig. 8.8 shows the measured muon veto rates for all three experimental halls. The surface area of outer
water pools is larger than the inner one such that the muon veto rates are higher. Moving from EH1 to
EH3, the vertical overburden increases. As a result, the rates of incoming muons at EH2 and EH3 are less
than at EH1. The muon veto rates are quite stable over time. Out of ∼ 50 days of DAQ live time, AD1
and AD2 at EH1 vetoed ∼ 9 days of data, AD3 at EH2 vetoed ∼ 7 days of data while AD4, AD5, and AD6
only vetoed ∼ 0.9 days of data which just reflects the effectiveness of shielding from cosmic ray muons.
109
Figure 8.8: The muon veto rates of the inner and outer water pools over time at the three experimental
halls.
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8.3.4 Prompt-delayed Event Time Separation (Coincidence Cut)
The time between the prompt and delayed signals of an antineutrino interaction, ∆t, is characterized by
the neutron capture time in the Gd-doped liquid scintillator. Fig. 8.9 shows the distribution of ∆t of all
the coincidence pairs after the ”flasher” cut and the muon veto for all 6 ADs. The spectra have three
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Figure 8.9: Distribution of prompt-delayed time separation for all 6 ADs after rejecting “flashing” events
and muon veto.
characteristic ranges. At the region ∆t < 10 µs, the rise versus time come from neutrons being thermalized
in the liquid scintillator. Then signals decrease following a clear exponential decay with a time constant
' 30 µs up to ∆t ' 200 µs. At large ∆t region, the spectra become flat as most of these coincidence pairs
come from accidental coincidence for which the prompt and delayed signals are not correlated. Coincidence
pairs are required to have ∆t within [1,200] µs in order to be considered as antineutrino candidates so that
most of the accidental backgrounds would be rejected. The lower cut is used to eliminate correlated noise.
8.3.5 Prompt and Delayed Interaction Energies
The prompt energy spectrum of antineutrino interactions is characterized by the antineutrinos coming from
the reactors while the delayed energy only depends on the gamma rays from the de-excitation of Gd in the
liquid scintillator. Fig. 8.10 shows the prompt energy vs. the delayed energy of the prompt-delayed pairs
found in AD1 after the flasher cut, muon veto, and coincidence time cut.
Most of the events appear at the region where the prompt and delayed energies are low (< 3 MeV). It
is expected that these events come from accidental coincidence where the prompt signal is faked by a low
energy radioactivity event and the delayed signal may be associated also with radioactivity, proton recoil,
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Figure 8.10: A scatter plot of prompt energy vs. delayed energy of the coincidence pairs in AD1 after
applying the flasher cut, muon veto, and coincidence time cut. Events with prompt energy within [0.7,
12] MeV and delayed energy within [6, 12] MeV are considered to be the antineutrino candidates.
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or a real neutron captured on hydrogen. There are two clear bands of events at the delayed energy around
2.2 MeV and 8 MeV which are mostly produced by neutron capture on hydrogen and Gd respectively. For
these two bands, the prompt energies extend to E > 10 MeV. These high prompt energy events with delayed
neutron signals can be interpreted as correlated background associated with spallation neutrons. Cosmic
ray muons liberate these neutrons in the rock around the detectors and our muon tagging system fail to
catch these muons. The highly energetic neutrons enter the ADs and are slowed down to thermal velocities
via elastic scattering with protons. The proton recoil spectrum, mimicking the prompt signal, has a flat
shape and extend to high energy. The thermalized neutrons get captured eventually and produce the delayed
signals.
With the understanding of the prompt and delayed energies from antineutrino interactions, we required
the coincidence pairs to have prompt and delayed energies in the range of [0.7, 12] MeV and [6, 12] MeV
respectively, as illustrated by the black dotted box in Fig. 8.10.
8.3.6 Multiplicity Cut
It is possible to find more than one prompt-delayed coincidence pair which satisfy all the previous event
selection criteria, as illustrated in Fig. 8.11. A real antineutrino produces a positron signal and a neutron
Figure 8.11: A cartoon diagram illustrating the multiplicity cut. The coincidence pair of e+ and n is rejected
along with the pair of γ and n in this particular example.
signal through inverse beta decay. Another signal induced by a gamma from natural radioactivity, for
example, situates between the real prompt and delayed signals. If one failed to discard the fake prompt
signal, the final prompt energy spectrum would be distorted. We require that there are no triggers, other
than the prompt and delayed signals, with energy > 0.7 MeV between [tp− 200µs, td + 200µs], where tp and
td are the trigger time of the prompt and delayed signals. Thus, in the case of Fig. 8.11, the prompt-delayed
coincidence pair from the antineutrino would be discarded.
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The efficiency of this multiplicity cut clearly depends on the singles rate of the detectors. A detector
with more gamma background would have a lower efficiency of this cut. Given that the singles and the
muon rates are relatively low in Daya Bay, one can approximate, using Poisson statistics, the efficiency of
the multiplicity cut by:
m = exp(−Rs × 200 µs)× exp(−Rs × 200 µs), (8.5)
where Rs is the singles rate of an AD, the first and second exponential comes from the probability of having
no triggers within 200 µs before the prompt signal and after the delayed signals. The probability of having
a trigger between the prompt and delayed signal is close to 0. For the ADs at EH1, Rs ' 65 Hz would give
an efficiency of 0.974.
8.3.7 Antineutrino Selection Summary
In summary, the selection criteria for reactor antineutrinos are listed as follows:
1. flasher rejection: FID = log10
(
(MaxQ0.45 )
2 +Quadrant2
)
< 0,
2. time coincidence cut: 1 < ∆t < 200 µs,
3. prompt energy cut: 0.7 < Eprompt < 12 MeV,
4. delayed energy cut: 6 < Edelayed < 12 MeV,
5. water pool muon cut: tdelayed − tµWS > 600 µs,
6. AD muon cut: tdelayed − tµAD > 1000 µs,
7. showering muon cut: tdelayed − tµsh > 1 s,
8. multiplicity cut: no additional triggers with energy > 0.7 MeV in the time range [tprompt − 200 µs,
tdelayed + 200 µs].
Table 8.1 is a summary of the number of antineutrino candidates passing the event selection cuts, the
DAQ live time, the muon veto time, and the efficiency of the muon veto (µ) coupled with the efficiency of
the multiplicity cut (m) for all 6 ADs. The rates from the detectors in the same experimental hall are very
consistent.
Only the event number of antineutrino candidates, not spectrum, is used in the final θ13 analysis. How-
ever, for illustrative purpose, the prompt and delayed energy spectra of the antineutrino candidates ob-
tained in AD1 and AD2 are shown in Fig. 8.12. The uncertainties are statistical only and the spectra are
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AD1 AD2 AD3 AD4 AD5 AD6
Antineutrino candidates 28935 28975 22466 3528 3436 3452
DAQ live time (days) 49.55 49.55 49.50 48.95 48.95 48.95
Muon veto time (days) 8.74 8.91 7.04 0.879 0.880 0.895
µ · m 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538
Table 8.1: A summary of the number of antineutrino candidates passing all the event selection cuts, the
DAQ live time in days, the muon veto time in days, and the coupled efficiency of the muon veto and the
multiplicity cut.
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Figure 8.12: (a) Prompt and (b) delayed energy spectra of the final antineutrino candidates obtained in
AD1 and AD2.
not background subtracted. The prompt energy spectra peak at ∼ 3 MeV is as expected since the reactor
antineutrinos have energy peak at ∼ 4 MeV. The delayed spectra show clearly an energy peak at 8 MeV due
to neutron capture on Gd. The spectra obtained by AD1 and AD2 are in good agreement.
Fig. 8.13 shows the distribution of the delayed time from the prompt signal for AD1 and AD2. The
prompt-delayed time has an exponential component which tells us the neutron capture time in the Gd-
doped liquid scintillator. AD1 and AD2 measure a capture time of 28.8 ± 0.37 µs and 27.7 ± 0.35 µs
respectively using a simple exponential plus a constant background as the fitting function for the time range
[20,200] µs. The values are in reasonable agreement with the capture time obtained by the AmC neutron
sources.
With the help of the 3-zones design of the ADs, Daya Bay does not require a fiducial volume cut, which
can introduce a large systematic uncertainty, to select the antineutrino candidates. Fig. 8.14 shows the
reconstructed vertices of the prompt and delayed signals of the antineutrino candidates without any vertex
cuts in AD1. Both the prompt and delayed signals are well contained inside the 4 m acrylic vessels. The
events are also uniformly distributed inside the target volume as expected.
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Figure 8.13: Prompt-delayed time distribution of the antineutrino candidates obtained in AD1 and AD2,
along with the corresponding exponential + constant background fitting functions.
8.4 Residual Background Estimation
From Fig. 8.10, It is evident that there are some background contamination in the antineutrino signal region.
The remaining task is to estimate the amount of backgrounds in the final antineutrino samples using their
distinctive physical characteristics, as will be illustrated in the following subsections.
8.4.1 Accidental Coincidence
The prompt-delayed time starts to deviate from an exponential function at ∆t > 150 µs, as shown in Fig. 8.13,
because of the presence of accidental coincidence. The amount of accidental coincidence background can be
estimated from:
1. off-time windows,
2. distance between the prompt and delayed signals,
3. singles rates.
Off-time Windows
The prompt and delayed signals from antineutrinos have strong correlation in time, whereas those from
accidental coincidence do not. The amount of accidental background should be roughly the same in any fixed
time windows. The time window used for antineutrino selection is [1, 200] µs. To estimate the contribution
from accidental background in this signal window, one can look for events by applying all the selection cuts
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(d) Delayed signal in Z vs X.
Figure 8.14: Reconstructed vertices of the prompt and delayed signals of the antineutrino candidates without
vertex cuts in AD1. The dotted lines represent the boundaries of the 3 m and 4 m acrylic vessels.
but modifying the coincidence cut such that the [1, 200] µs time window is shifted by 1000 µs relative to
the prompt trigger. In this off-time window ([1001, 1200] µs), the probability of having a real antineutrino
is infinitesimally small since neutrons have a capture time constant ' 30 µs. If one finds, for example, 10
events in the off-time window, one can then assume there will also be 10 events from accidental coincidence
in the signal window. To reduce the statistical uncertainty, 45 such off-time windows are used to estimate
the amount of accidental background. The i−th off-time window corresponds to [1001+200× (i−1), 1200+
200× (i− 1)] µs, where i is from 1 to 45. The results obtained from AD1 are shown in Fig. 8.15.
The number of accidental coincidence is fitted using a constant function which is then used to extrapolate
back to the signal window. The accidental background to signal ratios at EH1, EH2, and EH3 are ∼ 1.3%,∼
1.4%, and ∼ 4.3% respectively.
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Figure 8.15: Number of accidental coincidence in different off-time windows obtained from all ADs. A
constant function is used to extrapolate back to the signal window to estimate the residual accidental
coincidence. Figure taken from [46].
Prompt-delayed separation
The neutrons created at the inverse beta decay interaction point collide with protons and lose energy until
they are captured by hydrogen or Gd. It is unlikely for the neutrons to travel for a long distance away from
the prompt signal, whereas the distance between the prompt and delayed signals from accidental coincidence
can be very large. Fig. 8.16 shows the distribution of the distance between the prompt and delayed signals
of the antineutrino candidates in AD1, as an example. The exponential fall off stops at 2 m which suggests
beyond this point, most of the events come from accidental coincidence. If a cut for the separation > 2 m is
used, 345 of the antineutrino candidates would pass the cut. A toy Monte Carlo model is used to estimate
the efficiency of this 2 m cut. Prompt signals are generated uniformly in the un-doped liquid scintillator
volume to model the events coming from natural radioactivity. Majority of these natural radioactivity are
expected to come from the PMT glass. Delayed signals are generated uniformly throughout the whole
3 m acrylic vessel which contains Gd-doped liquid scintillator. The distribution of the distance between
these prompt and delayed signals is shown in Fig. 8.17. 74% of the generated events have prompt-delayed
separation > 2 m. As a result, the accidental background to signal ratio for AD1 using this algorithm
is 345/(28935 × 0.74) ' 1.5%. For the detectors in EH2 and EH3, the same ratios are 1.7% and 4.6%
respectively. Since this method involves vertex cuts, it serves as a cross-check only.
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Figure 8.16: Distribution of the distance between the prompt and delayed signals of the antineutrino candi-
dates obtained in AD1.
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Figure 8.17: Distribution of the prompt-delayed separation from the toy MC model. Prompt signals were
generated uniformly in the 4 m acrylic vessel but not in the 3 m one. Delayed signals were generated
uniformly in the 3 m acrylic vessels.
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Singles Rates
Accidental coincidence rate Racc of two signals can also be estimated by:
Racc ' Re+ ×Rn ×∆t, (8.6)
where Re+ and Rn are the singles rates of positron-like and neutron-like signals, and ∆t is the coincidence
time window, 199 µs in our case. Positron-like and neutron-like signals are defined by the triggers with
energy within [0.7, 12] MeV and [6, 12] MeV respectively. Fig. 8.18 shows the singles spectrum taken by
AD1 and AD2 after PMT flasher cut and muon veto. The positron-like and neutron-like singles rates can
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Figure 8.18: Singles spectra obtained by AD1 and AD2 after PMT flasher cut and muon veto.
be obtained from this figure. For instance, AD1 has positron-like and neutron-like singles rates of ∼ 65 Hz
and ∼ 0.0093 Hz. Using Eq. 8.6, this corresponds to an accidental rate per day ' 10. Fig. 8.19 shows the
calculated accidental rates for all 6 ADs. The singles rates were measured every 4 hours and then were used
to calculate the expected accidental rates using an equation similar to Eq. 8.6 1 The rates are relatively
stable during the whole data-taking period. The accidental background to signal ratios for the detectors at
EH1, EH2, and EH3 using this method are ∼ 1.3%,∼ 1.4%,∼ 4.3% respectively. The results are in good
agreement with the results obtained using the off-time window method.
1Racc =
∑
iR
i
n
(
1− exp(−Rip × 199 µs)
)
.
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Figure 8.19: Accidental coincidence rates calculated from singles rates for all 6 ADs as a function of time.
8.4.2 β−neutron decays from 9Li/8He
The residual background from β−neutron decays of 9Li/8He is estimated using their correlation in time
with the incoming muons. To increase the statistics, data obtained in an earlier period is also included in
this study. The first step involves selecting the 9Li/8He candidates using the event selection criteria for the
antineutrinos, except the muon veto cuts ( (5), (6) and (7) in Section 8.3.7). There are other long-lived
cosmogenic isotopes such as 12B, 8Li, and 9C present in the 9Li/8He and ν¯e candidates. Two additional cuts
are used to suppress these contributions:
1. prompt energy > 3.5 MeV,
2. time between the prompt and delayed signals < 100 µs.
The efficiency of this prompt energy cut relative to the [0.7, 12] MeV cut can be estimated from the β
spectrum of 9Li, as shown in Fig. 8.20. The relative efficiency was estimated to be ∼ 72%. For the < 100 µs
time cut, the relative efficiency of the [1, 200] µs cut is ∼ 94% which can be calculated from the exponential
decay function and depends on the neutron capture time constant. Thus, the combined efficiency of these
additional cuts is ∼ 68%.
The second step is to find the number of 9Li decays as a function of the showering muon energy threshold,
from 1.5 to 4.5 GeV. Suppose the showering muon energy threshold is 1.5 GeV, one can then plot the time
of the coincidence pairs relative to the last muon which has visible energy larger than 1.5 GeV in the ADs.
An example of such plot is shown in Fig. 8.7. To reduce the uncertainty of the 9Li fitting, only the muons
tagged by ADs, which have a trigger with energy > 1.8 MeV within a time window [10, 200] µs relative to
the muons, are considered to be a “last muon”. We are interested only in the 9Li with β-neutron decays and
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Figure 8.20: β spectrum of 9Li, from ENSDF data [36].
thus this ”muon reduction” method would increase the signal(9Li)-to-background ratio. A function with
three exponential components is used to fit the time since last showering muon spectrum:
f(t) = NLi × λLi exp(−λLit) +NHe × λHe exp(−λHet) +Nν¯eRµ exp(−Rµt), (8.7)
where NLi, NHe, and Nν¯e are the number of
9Li and 8He decays and antineutrinos respectively, λLi =
Rµ + 1/τLi, λHe = Rµ + 1/τHe and Rµ is the muon rate. The lifetimes of
9Li and 8He are fixed. Fig. 8.21
shows the results from this fitting at different showering muon energy thresholds at EH1. If the “muon
reduction” is not used, it would be difficult to obtain results as energy goes below 1.5 GeV since the
uncertainty from fitting increases quickly as muon rate increases [74].
The ultimate goal is to estimate how many β-n decays from 9Li would appear after the muon veto cut 2
is applied. One can obtain a differential spectrum of Fig. 8.21, as shown in Fig. 8.22, to estimate the amount
of 9Li below 2.5 GeV with and without using the ”muon reduction”. The number of 9Li decays from fitting
for EH1, for example, is then given by the sum of the first 3 data points in Fig. 8.22(a) and is found to be
452± 87.
It has been suggested that one can assume the energy dependence of the total cross-section for all muon-
produced radioisotopes in a scintillator target follows the power law Eαµ [43] where α = 0.74. Assuming the
2If there is a muon depositing > 2.5 GeV, any triggers in the following 1 s is discarded
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Figure 8.21: Number of 9Li decays obtained from fitting as a function of showering muon energy threshold.
Red: without “muon reduction”. Blue: with “muon reduction”. Figure taken from [47].
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Figure 8.22: Number of 9Li decays from fitting in different muon energy slices. Blue: with ”muon reduction”.
Red: without ”muon reduction”. Figure taken from [47].
9Li yield at all three sites follow E0.74µ , the data obtained from the near sites can then be used to constrain
the power law and predict the 9Li yield at EH3. The results are shown in Fig. 8.23 and Fig. 8.22(c). The
mean muon energy at each experimental hall is related to the overburden. The measured 9Li yield at EH3
agrees with the prediction from the power law well. However, in terms of 9Li yield in each muon visible
energy slice, as shown in Fig. 8.22(c), the data do not agree with the prediction very well. Thus, a 50%
systematic uncertainty is quoted on the 9Li yield at all three sites. The statistical uncertainties come from
the fitting of 9Li yield. Table 8.2 summarizes the results obtained in this section.
8.4.3 Fast Neutrons
Fast neutrons can produce prompt signals with energies higher than positrons from inverse beta decay. To
estimate the contribution from fast neutrons to the final antineutrino candidates, the same event selection
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Figure 8.23: 9Li yield as a function of mean incident muon energy. The power law αE0.74µ , constrained by
the near sites’ data, is also shown. Figure taken from [47].
Table 8.2: A table summarizing the 9Li and 8He backgrounds.
Experimental EH1 EH2 EH3
Hall
live time 201 80 124
(days)
9Li+8He yield 452± 87 106± 44 14± 6
(below 2.5 GeV)
Efficiency of 0.724 0.724 0.724
9Li selection
9Li+8He background rate 3.1± 0.6(stat.) 1.8± 0.7(stat.) 0.16± 0.07(stat.)
( per AD per day ) ±1.5(sys.) ±0.9(sys.) ±0.08(sys.)
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criteria listed in Section 8.3.7 are used except the prompt energy cut is relaxed from [0.7, 12] MeV to
[0.7, 60] MeV so that high prompt energy induced from fast neutrons can be observed. The idea is to
estimate the number of fast neutrons in the energy range [12, 60] MeV and then extrapolate back to the
signal region [0.7, 12] MeV with certain assumptions. The prompt energy spectrum measured in EH1 using
the relaxed prompt energy cut with two different fitting functions is shown in Fig. 8.24. Fig. 8.24(a) assumes
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Figure 8.24: Prompt energy spectrum with a relaxed prompt energy cut. (a) Fitting with a constant. (b)
Fitting with a first order polynomial.
a flat prompt spectrum for the fast neutrons while Fig. 8.24(b) employs a first order polynomial to fit the
spectrum. The fitting results are then extrapolated back to the signal window [0.7, 12] MeV. The mean
value of these two extrapolation methods is used to estimate the residual fast neutron background. The sum
of the differences between the two extrapolation methods and the fitting errors is taken as the systematic
uncertainty. Take EH1 as an example, 133±8 and 157±16 fast neutrons are obtained using the extrapolation
from the constant function and the 1st order polynomial. Thus, (133 + 157)/2 = 145 is used as the final
estimate for fast neutrons at EH1. The difference between the two extrapolations 157 − 133 = 24 is added
to the sum of the fitting error 16 + 8 = 24 to give the final uncertainty 145± 48. Table 8.3 summarizes the
results obtained for all 3 experimental halls.
Table 8.3: Summary of the fast neutrons estimation.
Sites EH1 EH2 EH3
Live time (days) 172.2 70.5 122
Fast neutrons 145± 48 52± 31 5± 5
Fast neutron rates (/day) 0.84± 0.28 0.74± 0.44 0.04± 0.04
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8.4.4 241Am-13C Correlated Background
Neutrons emitted from the calibration source 241Am-13C in the ACUs can sometimes undergo inelastic
scattering with 56Fe to produce a prompt signal faking the positron signal, and then get captured on 57Fe
to produce energetic γ’s and trigger a delayed signal. We rely on Monte Carlo simulation to estimate the
background contribution from this source. It is found to be 0.2± 0.2 per day per AD, same for all 6 ADs.
8.4.5 Event Selection Summary
Table 8.4 is a summary of the event candidates passing the selection criteria, the expected backgrounds
rates, and the background subtracted daily reactor antineutrino rates. The largest background contribution
is due to accidental coincidence, with a background-to-signal ratio ∼ 4.6% at the far site. Along with other
much smaller background contributions, the total B/S ratio for the detectors at EH1, EH2, and EH3 are
∼ 2%, ∼ 2%, and ∼ 5% repectively.
Table 8.4: Signal and background summary. The background and IBD rates were corrected for the µ · m
efficiency.
AD1 AD2 AD3 AD4 AD5 AD6
IBD candidates 28935 28975 22466 3528 3436 3452
DAQ live time
(days)
49.5530 49.4971 48.9473
Muon veto time
(days)
8.7418 8.9109 7.0389 0.8785 0.8800 0.8952
µ · m 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538
Accidentals
(per day)
9.82±0.06 9.88±0.06 7.67±0.05 3.29 ±0.03 3.33 ± 0.03 3.12 ±0.03
Fast-neutron
(per day)
0.84±0.28 0.84±0.28 0.74±0.44 0.04±0.04 0.04±0.04 0.04±0.04
9Li/8He
(per AD per day)
3.1±1.6 1.8±1.1 0.16±0.11
Am-C correlated
(per AD per day)
0.2±0.2
13C(α, n)16O
background (per
day)
0.04±0.02 0.04±0.02 0.035±0.02 0.03±0.02 0.03±0.02 0.03±0.02
Total back-
grounds
556.3± 65.1 556.6± 65.1 432± 49.8 173.8± 11.0 175.6± 11.0 165.7± 11.0
IBD rate
(per day)
714.17±4.58 717.86± 4.60 532.29±3.82 71.78 ± 1.29 69.80±1.28 70.39±1.28
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Chapter 9
Oscillation Analysis
The measured set of antineutrino candidate events are interpreted with the predicted reactor antineutrino
events in terms of neutrino oscillations. The predictions are calculated using information provided by the
nuclear power plant. This rate analysis from a fitting to these measurements and predictions determines
the physical parameter sin2 2θ13 which affects the magnitude of the oscillation.
9.1 Expected Number of Antineutrinos
The expected reactor antineutrino flux is first calculated from the thermal power provided by the nuclear
power plant, the fission fractions and the fission rates. The expected antineutrino interaction rate is then
calculated with the inverse beta decay cross section, detector baselines, and the antineutrino detection
efficiency.
9.1.1 Expected Reactor Antineutrino Flux
As discussed in Section 4.2.1, the reactor antineutrino flux mainly comes from the fissions of 235U, 238U,
239Pu, and 241Pu. The expected antineutrino spectrum Sr(Eν) at one reactor core r can be calculated from
a weighted sum of antineutrino spectrum Si(Eν) from each isotope:
Sr(Eν) =
Wth,r∑
i(fi/F )ei
isotopes∑
i
(fi/F )Si(Eν), (9.1)
where Wth,r is the thermal power of the reactor core r, fi is the fission rate for the isotope i, F is the total
fission rate, and ei is the energy release per fission. The maximum thermal power of a reactor core at Daya
Bay is 2.895 GW. The measured values of Wth are provided by the power plant weekly. The fission fractions
of the isotopes, fi/F , are obtained from reactor core simulation using the thermal power as input. The
values of ei’s change as the fuel composition of the reactor cores evolves due to neutron captures on reactor
structures and contributions from long-lived isotopes decays. The power plant also provides ei’s along with
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the fission fractions weekly. Typical values of ei’s are listed in Table 9.1. Si(Eν) are shown in Fig. 4.2, based
on the spectra measured at ILL. The flux data, in the form of 33 data points over the energy range from
1.5 MeV to 9.5 MeV (bin size = 0.25 MeV), are recorded in the database and updated every week [76].
Table 9.1: Thermal fission energies ei, taken from [51].
Isotope ei [MeV per fission]
235U 201.92± 0.46
238U 205.52± 0.96
239Pu 209.99± 0.60
241Pu 213.6± 0.65
9.1.2 Expected Inverse Beta Decay Interaction Rates
The expected IBD interactions rate without neutrino oscillations at each AD, Rd, is calculated by combining
the reactor antineutrino flux data Sr(Eν), the IBD cross-section σtot(Eν), the number of target protons Np,d,
and the distances Lr,d between the reactor cores r and the AD d:
Rd =
reactor∑
r
Np,d
4piL2r,d
∫ 9.5
1.5
Sr(Eν)σ
(0)
tot(Eν)dEν . (9.2)
Index r and d run over the number of reactor cores and ADs respectively.
The target masses Wd of the ADs have been measured [55] and have uncertainties on the order of
∼ 4 kg/20 ton = 0.2%. The variations in time due to temperature variation are neglected as the magnitudes
are small comparing to the measurement uncertainties. Average values over the time period are used in this
analysis. The number of target protons of the ADs can be calculated by:
Np,d = WdFHNAB/mH , (9.3)
where FH is the fraction of hydrogen in the Gd-doped liquid scintillator and is measured to be 11.99%, NA
is the Avogadro constant, B = 99.985% is the abundance of 1H, and mH is the atomic weight of
1H =
1.007825u. The measured mean values Wd and Np,d are listed in Table 9.2.
The coordinates of the reactor cores and the ADs have been determined by survey [31]. The uncertainties
of the coordinates are estimated to be 28 mm which are negligible. The distances Lr,d are calculated from
these coordinates and are summarized in Table 9.3. The layout of the reactor cores and the detectors is
shown in Fig. 5.3.
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Table 9.2: Average target masses of the 6 ADs, taken from [55] and the number of target protons calculated
from Eq. 9.3.
AD1 AD2 AD3 AD4 AD5 AD6
Mass (kg) 19941 19966 19891 19913 19991 19892
Number of target protons (1× 1030) 1.428 1.430 1.425 1.426 1.432 1.425
Table 9.3: Distances, in meters, between the reactor cores and the ADs, calculated from the coordinates
measured by survey [31].
Detector\Core D1 D2 L1 L2 L3 L4
AD1 362.377 371.759 903.470 817.162 1353.622 1265.319
AD2 357.937 368.411 903.351 816.900 1354.233 1265.89
AD3 1332.475 1358.144 467.571 489.574 557.580 499.207
AD4 1919.630 1894.335 1533.177 1533.625 1551.381 1524.937
AD5 1917.516 1891.974 1534.916 1535.029 1554.764 1528.043
AD6 1925.253 1899.859 1538.927 1539.465 1556.341 1530.076
The total cross section of the inverse beta decay is given by [71]
σ
(0)
tot =
2pi2/m5e
fRp.s.τn
E(0)e p
(0)
e , (9.4)
where me is the electron mass, τn is the measured neutron lifetime, f
R
p.s = 1.7152 is the phase space factor,
E
(0)
e and p
(0)
e are the energy and momentum of the positron.
From Eq. 9.2, 9.3, and 9.4, together with interpolation on Sr(Eν), the expected IBD interaction rate for
each AD is calculated from weekly data and are shown in Table 9.4. The total numbers of IBD interactions
are obtained by first multiplying the daily rates with the weekly DAQ live time (summarized in Table. 9.5)
and then summing the weekly numbers over the whole data taking period.
9.1.3 Detection Efficiency
In order to compare with the total measured number of IBD events, detection efficiency of the ADs, muon
veto and multiplicity cut efficiency need to be combined with the expected numbers IBD interaction obtained
in Section 9.1.2. Monte Carlo data were generated to study neutron capture on Gd ratio, neutron spill-in
effect, and efficiencies of the IBD event selection cuts. It is assumed that the overall detection efficiency is
the same for all ADs at different sites and is found to be 78.8% [30]. The efficiency of each individual cut are
summarized in Table 9.6. The magnitude of the absolute efficiency, in fact, does not affect the final estimate
of sin2 2θ13. This will be explained later.
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Table 9.4: The expected number of inverse beta decay interaction per day, calculated from weekly input
data, and the total number of interactions over the whole data taking period [76].
Week\Detector AD1 AD2 AD3 AD4 AD5 AD6
12/24/2011 880.640 898.148 646.201 91.904 92.102 91.208
12/31/2011 878.976 896.452 644.665 91.686 91.884 90.992
01/07/2012 894.865 912.339 692.685 96.543 96.751 95.807
01/14/2012 946.000 964.580 819.210 109.308 109.549 108.459
01/21/2012 873.458 890.888 546.802 82.614 82.820 81.987
01/28/2012 890.728 908.144 633.065 92.260 92.469 91.558
02/04/2012 891.556 908.967 637.201 92.662 92.871 91.956
02/11/2012 931.002 948.441 789.368 106.766 106.998 105.939
Total 44442 45307 33225 4647.4 4657.8 4611.9
Table 9.5: Weekly DAQ live time (days) at all three experimental halls. Detectors at the same site have the
same DAQ live time.
Week\Site EH1 EH2 EH3
12/24/2011 6.0059 5.9733 5.9758
12/31/2011 6.6027 6.6152 6.6230
01/07/2012 6.6043 6.5502 6.5021
01/14/2012 5.1489 5.1482 4.9241
01/21/2012 6.7667 6.7243 6.5498
01/28/2012 6.0663 6.0776 6.0213
02/04/2012 6.3593 6.3995 6.4035
02/11/2012 5.9991 6.0089 5.9478
Table 9.6: Summary of absolute detection efficiency for IBD events, reproduced from [30].
Efficiency Absolute uncertainty Relative uncertainty
n-Gd capture ratio 83.83% 0.8% 0.1%
Neutron spill-in 105.03% 0.1% 0.02%
Coincidence time cut 98.57% 0.12% 0.02%
Delayed energy cut 90.86% 0.6% 0.23%
Prompt energy cut 99.88% 0.1% 0.01%
Total 78.76% 1.02%
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9.1.4 Measured vs. Expected Numbers of Antineutrinos
One can now calculate the expected number of antineutrinos at one AD by correcting the expected IBD
interaction rate without oscillation Rd with the detection efficiency eff and the muon veto plus multiplicity
efficiency:
Nexpected = Rd × eff × µ × m. (9.5)
Rd’s are given in Table 9.4. µ × m are measured from data and are summarized in Table 8.4. The
measured number of antineutrinos Ndetected for different ADs are obtained by subtracting the total number
of background events from the total number of candidate events passing the selection cuts. These numbers
of events are also given in Table 8.4. Ndetected and Nexpected are summarized in Table 9.7. The ADs at EH3
Table 9.7: Summary of measured and expected numbers of IBD events.
AD1 AD2 AD3 AD4 AD5 AD6
IBD candidates 28935 28975 22466 3528 3436 3452
Total backgrounds 556.3 556.6 432.0 173.8 175.6 165.7
Ndetected 28379 28418 22034 3354.3 3260.4 3286.1
Nexpected 28083 28522 21895 3496.3 3502.6 3466.3
Ndetected/Nexpected = 101.1% 99.6% 100.6% 95.9% 93.9% 94.8%
clearly observed less events (∼ 95%) than expected relative to the near detectors. Our task is to determine
the value of sin2 2θ13 in order to explain these deficits.
Before going into the rate analysis, one can also compare the measured daily IBD rate, which is
background-subtracted and µm-efficiency-corrected, with the weekly predictions multiplied by the detection
efficiency of IBD as a function of time. The predictions are further corrected with the best-fit normalization
parameter  (to be explained later) obtained during the determination of sin2 2θ13. The results are shown
in Fig. 9.1. It is evident that the measured data agree with the predictions very well for EH1 and EH2. The
changes of the daily rates are well understood and it is due to the on and off of some of the reactor cores.
For EH3, one can already observe some deficits in rates. At this point, it should be pointed out that the
absolute detection efficiency does not affect the final result sin2 2θ13. A wrong estimate of the efficiency can
always be absorbed into the overall normalization .
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Figure 9.1: Daily average measured IBD rates per AD in the 3 experimental halls as a function of time.
The vertical dashed lines are the boundaries for the data used for the sin2 2θ13 analysis. The blue points are
from data which are background-subtracted and are corrected for µm efficiency. The black curves represent
the no-oscillation predictions based on weekly data from the nuclear power plant (see text), IBD detection
efficiency, and the best-fit absolute normalization  in determining sin2 2θ13.
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9.2 Rate Analysis
The value of sin2 2θ13 is determined with a χ
2 function constructed to handle correlated systematic uncer-
tainties [68]:
χ2 =
6∑
d=1
[Md − Td(1 + +
∑
r ω
d
rαr + d) + ηd]
2
Md +Bd
+
6∑
r=1
α2r
σ2r
+
6∑
d=1
[
2d
σ2d
+
(
ηd
σdB
)2]
. (9.6)
r and d run over the indices of the reactor cores and ADs. The elements of this function are described in Ta-
ble 9.8. Of particular importance are the parameters of the model, including the physical neutrino parameters
sin2 2θ13 and the absolute normalization . The goal is the find a set of parameters {sin2 2θ13, , αr, d, ηd}
Table 9.8: Terms used in the reactor antineutrino oscillation analysis.
Terms Description
Md Measured antineutrino candidates with background subtracted, see Table 8.4
Bd Measured estimate of total background, see Table 8.4
Td
Predicted antineutrino candidates from neutrino flux, Monte Carlo, and neu-
trino oscillations (sin2 2θ13)
ωdr
fraction of IBD contribution of the r-th reactor to the d-th AD determined by
baselines and reactor fluxes
σr uncorrelated reactor uncertainty 0.8%
σd uncorrelated detection uncertainty 0.2%
σdB background uncertainty, see Table 8.4
 Absolute normalization
αr, d, ηd nuisance parameters
to minimize the χ2 function. During the minimization, sin2 2θ13 and  are allowed to float without any
constraints while the others have lower and upper limits.
Given a sin2 2θ13 value, one can calculate the predicted antineutrino candidates with oscillation and then
form a ratio to compare with the prediction without oscillation at the d−th AD as:
Td
Nd
= 1− sin2 2θ13
∑
r
ωdr∆
d
r , (9.7)
where Nd is the predicted antineutrino candidates without oscillation, ω
d
r is the fraction of IBD contribution
of the r−th reactor to the d−th AD determined by baselines and reactor fluxes (same quantity as the one
in the χ2 function), and ∆dr is the oscillation factor given by
∫
Eν
sin2
(
1.267∆m231[eV
2]Lr,d[m]
Eν [MeV]
)
f(Eν)dEν with
f(Eν) being the antineutrino spectrum. The calculated values for ω
d
r and ∆
d
r are summarized in Table 9.9
and Table 9.10 respectively. In this analysis, ∆m231 = 2.32× 10−3 eV2 is used. The uncertainty of this mass
difference is not included. From Eq. 9.7, together with the values obtained in Table 9.9 and Table 9.10, the
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Table 9.9: Table of the fraction of IBD contribution of the r−th reactor to the d−th AD, ωdr .
D1 D2 L1 L2 L3 L4
AD1 0.417562 0.426367 0.0383572 0.0539022 0.0300287 0.0337836
AD2 0.420337 0.426393 0.0376817 0.0529728 0.0294655 0.0331499
AD3 0.0411601 0.0425759 0.190634 0.200440 0.235894 0.289297
AD4 0.140358 0.154889 0.125564 0.143849 0.215749 0.219591
AD5 0.140904 0.155538 0.12549 0.143828 0.215173 0.219068
AD6 0.140465 0.155011 0.125454 0.143706 0.215798 0.219566
Table 9.10: Table of the oscillation factor, ∆dr , of the r−th reactor to the d−th AD.
D1 D2 L1 L2 L3 L4
AD1 0.0826245 0.0855193 0.415679 0.352319 0.683062 0.639695
AD2 0.0806925 0.0840498 0.415596 0.35214 0.683346 0.639996
AD3 0.676348 0.682713 0.133883 0.144174 0.183527 0.150169
AD4 0.812616 0.811365 0.756031 0.752377 0.758721 0.750827
AD5 0.812625 0.811305 0.75657 0.75282 0.759727 0.751819
AD6 0.812577 0.811492 0.757804 0.754208 0.760193 0.752464
predicted deficit of antineutrinos for all 6 ADs can be calculated as a function of sin2 2θ13. The results are
summarized in Table 9.11. Suppose sin2 2θ13 = 0.1, AD1 at the near site is then expected to measure a
Table 9.11: Neutrino deficit factor
∑
r ω
d
r∆
d
r for all 6 ADs.
AD1 AD2 AD3 AD4 AD5 AD6
Deficit [× sin2 2θ13] 0.148 0.145 0.198 0.771 0.772 0.773
deficit of 0.148×0.1 = 0.0148 while AD5 at the far site would have a deficit of 0.77×0.1 = 0.077. The relative
number of antineutrinos between the far and the near detectors is then (1− 0.077)/(1− 0.0148) = 0.937. In
other words, if the ratio between the far and near detectors R is measured to be 0.937, one can then deduce
that sin2 2θ13 = 0.1. Based on this idea, if we just compare the data from EH1 and EH3,
R ≡ Tfar/Nfar
Tnear/Nnear
=
1− 0.77 sin2 2θ13
1− 0.146 sin2 2θ13
' 1− 0.62 sin2 2θ13
⇒ sin2 2θ13 = (1−R)/0.62 (9.8)
From Table 9.7, by taking an average over the detectors at EH1 and EH3, we get Tnear/Nnear = 1.003 for
134
the near site and Tfar/Nfar = 0.949 for the far site. Thus, R = 0.949/1.003 = 0.946⇒
sin2 2θ13 = 0.087± 0.04
where the uncertainty is statistical only.
To take full advantage of 6 ADs, a minimization of the χ2 in Eqn 9.6 is performed using the MIGRAD
algorithm from Minuit. The best-fit parameters are summarized in Table 9.12. The uncertainties on the
Table 9.12: Best Fit Parameters from the minimization of the χ2 function. For nuisance parameters, the
uncertainties are not shown.
sin2 2θ13 0.0936± 0.0172
 0.0204± 0.007
1 2 3 4 5 6
d[%] 0.05 -0.08 0.03 0.02 -0.02 0.002
ηd[%] 3.4 -5.2 2.1 0.84 -1.1 0.92
αr[%] -0.18 -0.18 0.07 0.07 0.095 0.12
best-fit parameters are directly from the Minuit fitter. There are 6 data points from 6 ADs, with 2 free
parameters, sin2 2θ13 and . Therefore the number of degrees of freedom (ndf) is 4. The minimum χ
2 per
degrees of freedom χ2min/ndf was found to be 4.26/4. The best fit value is:
sin2 2θ13 = 0.0936± 0.0172 (9.9)
Fig. 9.2 shows the 1-D scan of the χ2 distribution of sin2 2θ13 by marginalizing all other 19 parameters. The
value of sin2 2θ13 is away from zero by more than 5 standard deviations. The other free parameter, , has
the best fit value equal to 2%. This indicates the expected number of antineutrinos was underestimated by
2%. This factor has been corrected for when Fig. 9.1 was generated.
Fig. 9.3(a) shows the ratio of measured number of antineutrinos to the expected one at each detector,
assuming no oscillation. The weighted baseline for the d−th AD is determined by ∑r ωdrLr,d, where ωdr and
Lr,d are given in Table 9.9 and Table 9.3 respectively. AD5 and AD6 are artificially separated by +50 m
and +100 m relative to AD4 to make them distinguishable on the figure. The error bars are statistical only.
It is evident that there is a deficit at the far detectors relative to the near ones. Fig. 9.3(b) shows the same
ratios with predictions based on the best fit parameters. All 6 ADs now observe ratios which agree with 1.
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Figure 9.2: ∆χ2 distrubition of sin2 2θ13.
(a) Assuming no oscillation (b) With best fit parameters
Figure 9.3: The ratio of the measured antineutrino and the expected one for all 6 ADs.
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Chapter 10
Conclusion and implications
With the analysis presented in this dissertation, Daya Bay has observed disappearance of electron antineu-
trinos at a distance of about 2 km from the reactors. This is a strong evidence for a new kind of neutrino
oscillation due to a non-zero neutrino-mixing angle θ13. A decade ago, CHOOZ found no evidence of oscil-
lation at a distance of about 1 km from the reactor and set a limit of sin2 2θ13 < 0.17. Recent results from
T2K, MINOS, and Double Chooz provided some hints that θ13 might be non-zero.
Daya Bay Nuclear Power Plant in Shenzhen, China provides an ideal location for a reactor antineutrino
oscillation search. 6 reactor cores, with a combined maximum thermal power of 17.4 GWth at distances of
∼ 350 m to ∼ 2000 m produce 3.6× 1021 low-energy electron antineutrinos per second. Three underground
experimental halls were constructed to house 6 identically designed antineutrino detectors (two ADs in EH1,
one AD in EH2, and three ADs in EH3). ∼ 250 m.w.e and 860 m.w.e of vertical overburden at the near
sites and far site provide good shielding from cosmic rays to the detectors. Antineutrinos from the reactors
are identified via the inverse beta decay (ν¯e + p → e+ + n) with 20 tons of 0.1% Gadolinium-doped liquid
scintillator in each AD.
Between December 2011 and Feb 2012, 55 days of data were collected. During this time, 80376 and
10416 electron antineutrino candidates were detected with 1545 and 515 expected background events at
the near sites and the far site respectively. A rate-only analysis supports neutrino flavor oscillation with
sin2 2θ13 = 0.0936± 0.0172 in a 2-neutrino mixing framework. The data obtained can be well explained by
the best-fit parameters.
The result can be further improved by accumulating more data. The statistical uncertainty now domi-
nates over the systemic one. It was estimated that in roughly less than 2 years, the statistical uncertainty
will be smaller than the systemic uncertainty. An increased statistics may also facilitate a shape analysis
which incorporates the antineutrino energy spectra obtained from all ADs. Another two ADs are also being
assembled and will be installed in the summer of 2012.
One can also try to identify antineutrinos from neutrons captured on hydrogen. In this thesis, neutrons
were identified by the 8 MeV energy signal from neutrons captured on Gadolinium. The rest of them were
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thrown away. If one can find some ways to select these n-H capture signals from antineutrinos, the statistics
can be increased significantly.
θ13 is the gateway to the future of CP violation search in the lepton sector. Given a large mixing angle θ13,
the next-generation experiments now have the possibility to explore whether neutrinos oscillate differently
from antineutrinos. From these future experiments, physicists hope to address whether neutrinos can explain
why matter is predominant in the Universe. This measurement of sin2 2θ13 also constrains models beyond
the Standard Model.
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